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ABSTRACT
The aim of this present work, was to study the interaction of
various organic compounds with a range of cation exchanged montmorlllonites.
The first part of the study involved investigating the rate of sorption
of methanol,Propan-2-ol (i-propanol), 2-methyl-propan-2-ol (t-butanol),
tetrahydropyran (TUP), letrahydrofuran (THF), and 1,4-dioxan, onto a
Wyoming montmorlllonite saturated with Al^+ , Cr"^ + , or Fe^+-cations
using isothermal gravimetry m  the temperature range 18°-105°C, using
samples of differing weights and grain size distributions. The sorption
rates for all the compounds increased with decreasing sample and
grain size demonstrating that inter- rather than intraparticle mass
transfer was the rate limiting process. The optimum sample paramaters
(2mg sample of <45pm g r a m  size, pretreated at I20°C with a vapour
3 - 1flow of >200cm m m  ) yielded integral diffusion coefficients at 18°C 
of I.1x10 ^m^s * for t-butanol for the Cr^+-form, and 2.0x10 ^m^s * 
for methanol and i-propanol for the Al^+-form, 0.5x10 ^m^s ' for
1,4-dioxan for the Cr^+-clay, and 3.5x10 ^m^s * for THF and 2.4x10 ^
2 - 1  3+m s for THP both on A1 -clay. In general the sorption rate decreased
as THF ^ THP > methanol > i-propanol > t-butanol > 1,4-dioxan. For the
alcohols sorption rate no temperature dependence was found, but the
rate was found to be dependent on the cations present with Fe^+ < Cr^+
< Al3+. In general the cyclic ether sorption rate of THF and THP was
dependent on concentration or the 1,4-dioxan sorption rate was retarded
by bidentate coordination to Al^+-ions at the edges of the clay platlets.
The second part of the investigation involved the examination of
the interactions of the alcohols and cyclic ethers with various cation
exchanged montmorillonite. Variable temperature (20°, 50°, 100°, 150°,
and 200°C) infra-red and temperature programmed desorption profiles
(20°-800°C) were recorded for Na+ , Ca^+ , Al^+ , Fe^+ , and Cr^+-exchanged
montmorillonite, presaturated with methanol, propan-l-ol (n-propanol),
l-piopanol , L-butanol , 'IIIL’, 111F, and 1,4-dioxan. The alcohol saturated 
ItivdlenL caL lou-exchanj'ed samples exhibit desorption maxima at 20° and 
I lUnC(meLhdiioJ ) , JU° and lhO°C (n- propanol), 20° and I I0°C (i-propanol), 
and JO1, , 50°, and 7U°C (t-bulanol) The alcohol saturated Na+ and Ca^+- 
monLinoril J o m l  e exhibit desoipLion maxima at higher Lemperatures than 
m  Lhe i-propanol (20° and I4U°C) and L-buLanol (30° 90° and I 10°C) 
desorption proljips, but al Lhe same temperature Cor methanol and 
n-piopanol lliis behaviour is interpreted in terms of acid-catalysed 
dehydration of i-propanol and L-buLanol to alkenes, and n-propanol to 
di-prop-l-yl ether over '-exchanged montmorillonite. The cyclic ether 
saturated mouLmoi 1 1 IoniIe exhibit little uniformity in the positions 
of Lhe desorption maxima from Lhe different cation exchanged forms, 
(listed m  Table 6 .1 1 1 .), but some Lrends are disernable and these 
results are interpreted as acid-catalysed ring opening of Lhe THP 
and 1111* Lo loim alkenes which would undergo oligomensaLion m  Lhe
' -111011L1110 till 0111 Le s . l,4-l)ioxan was found to desorb without modification, 
indicating that in both 1 dynamic and an equlibnuin sense, 1,4-dioxan 
is relatively sLabJe Lowaids acid attack 111 these systems.
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I I  C l  a y  M i n  o r a l s  a n _ ln_L_ t u d u i  L i o n
in Lhe foLlowmg Lliesis some of Lhe properties of 
Wyoming Montmoi1 1 Lon1 L0 clay will bo investigated and later 
discussed lhe term 'clay' may be considered from two perspectives 
firstly the inmeralogiLil Leim clay
Jliis refers to a group of mineral compounds, the 
pioducts of weathering, fomied by hydrothermal action and 
deposited as sediment. Grim' defines clay as a natuial, earthy, 
fine-grained material, which develops 'plasticity' if mixed 
with a InmLed .»mount of water Plasticity means the ability 
of Lhe clav lo be defonned under applied pressure, with retenLion 
of Lhe defatmed shape upon lemoval of Lhe appLied pressure.
Ih” second pet specLvve is Lhe particle size definition
J
ot a clay, lhe Wentworth^ scale defines a clay as any material
whose particle si/e is 4 pm 01 less in any soil or nalutally
o( curing eatlliy mateiial llns scale is primarily used Lo define 
a clay mineral 111 geoLogical and mmeralogical invesLigaLions
litroughouL Llns thesis a slighLly differenL particle 
si/e defmilion of a clay mineral will be used Lhe technique 
oi slaking a ( Lay m  water is commonly used Lo separate clay 
minerals ftom non-clay mmctal components in a soil or naturally 
occuimg earthy materiaL When Lhe soil is slaked the larger 
particles sink Lo Lhe boLLom, leaving Lhe fine-grained clay 
minerals m  suspension, and Lhe larger clay mineral particles 
break down Lo a parLi«_Le *=1 ze of 2pm or less. The suspended clay 
particles .,iay be collected and sedimented Lo give a reasonably 
pure clay mint.al fracLion, (I It i s process of separating clay 
ft on non-clay inmeials is covered m  greater detail m  section 2 )
CHAPTER 1
2of a particle size not greater than 2pm.
i lie investigation of Uie strucLure and properties
of clay minerals bar become a precise science. However the use of,
and expeiimentaLion wLth i]ays,dates from antiquity, when the
earliest earthenware vessels and ceramics were made. The first
set i o u s  scientific investigations o f  montmonllomte clay began
42much more recienlly, when in 1847 Damour and Salvett gave the
name moriLmoi 1 1 Ionite to a clay from the Montmonllon region of
trance At this time some of the properties of clays were being
3
studied and the results documented, (eg. in 1852 Way investigated 
the ability of clays to adsorb organic compounds (manures))
Uie chemical analysis of the clays, whose physical 
properties were being examined, yielded little information. It was 
1 ound that all clay minerals had very similar chemical compositions, 
consisting of mainly silica, alumina, magnesia and water m  
v a r m g  amounts. However these clays of similar chemical composition 
exhibited veLy diffeient physical properties The difficulty 
in obtaining a reasonably pure i_lay mineral, and the fme- 
gi3 ined nature of the clay, caused this situation to persist 
until the middle of J u s  century, 'Ihe development of separation 
and preparation techniques for puiifying clays, combined with 
the election microscope, infa-red, X-ray and differential 
thermal analysis techniques have led to a rapid increase in the 
knowledge and undeistanding of Lhe lelationship between the 
chemical composition or strucLure of the clay and the physical 
properties of thaL v_lay mineral
Clay minerals ate today described as hydrous 
aluminium (or magnesium) silicates. All clays have these fundamental 
components wiLh appreciable amounts of iron, alkalies, alkaline
3eaiLhs and watei ’ilie great diversity of properties and similarity 
of composition is explained by Llie differences m  the stiuctural 
airangments of these chemical componenLs, which gives rise to 
the diverse physical properties.
Simply cLays may be described as layer silicates, 
that is, comprised of layers or sheets where each sheet is 
a two dimensional polymer of one of two basic unit cells A very 
brief mention of the structure of the 2 : 1 type layer silicate, 
montmorllIon]te will seive to illustrate the basic structure of a 
clay, (see Fig 1 .1 . )
lhe silicate layeis are made up of three sheets, 
formed from two basic structural units. The basic structural unit 
of the tetrahedral sheet j s  a silicon cation with four oxygen 
ions or hydroxyl groups, teIrabedia 1ly coordinated about Lhe 
cation. In a 2 i type clay, two of these sheets are sepaiated by 
an octahedral sheet, whu'h js a two dimensional polymer of an 
aluminium cation octahedral ly cooidmated by six oxygen ions 
or hydroxyl groups. (Lins structure is outlined m  much greater 
detail m  Lhe following chapter).
Ihese layeLS of silica and alumina sheets carry 
a net negalive charge, (when isomoiphous substition has occurred) 
It is Lhis charge on Lhe layers LhaL gives rise to many of the 
properties of a monLmoi LI lomLe cLay. SubsLitution of cations of 
a different (.barge, than aluminium oi silicon into the sheet 
sLtucture causes this .-accumulation of negative charge on the 
iLay layers Ibis excess charge on the clay layers is balanced 
by the sorption of additional exchangable cations between 
Lhe layers, (le inLeilayer caLiuns)
’lhe chaige on Lhe layers also helps Lo mamLain
M o r r r . o r i/
= Interlayer Cation
&tr*r
86 .
Fig I.i. Schematic diagram of a clay grain, showing interlayer region m  the insert, (adapted from Cebula et al )
5Lhe clay m  a stable structural state. The electrostatic interactions 
between the negatively charged Lavers and the interlayer cations, 
combined with Van Der Waals forces and hydrogen bonding between 
Lhe water molecules of Lhe hydration sphere of the interlayer 
cations and Lhe oxygen molecules and the hydroxyl groups of the 
Letrahedral sheets, bind the layers together.
lhe diversity of physical properties in clays 
with a similar structure is due to the possible substitution 
of cations in any of Lhe three types of sites, ie. tetrahedral, 
octahedral or mterlayer. An example of this is the swelling 
property of montmorilIonite, that is the ability of the clay to 
absorb water into Lhe mterlayer space and so expand or swell.
Although eomr’on in many clay types, it is the featui e of 
montmorilIon 1 te LhaL gives rise to one of its newer applications 
as a solid acid catalyst.
Ion exchanged montmorillonites may be used to 
successfully catalyse a great variety of chemical reactions.
Lable l.i. gives a brief outline of the types of reactions
for which Lln_s type of solid acid catalysts have been used. This is a
short synopsis fro'n a long list of reactions for which cation-
exchanged montmorllloniLes may be used. If the formation of
ethers is examined more cLosoly, using reaction type 2 (from
table l.i.), the formation of Methy1-t-Buty1 Ether (MTBE)
from MeLhanol and IsobuLene occurs, as an example. Then under certain
conditions the acid caLalysl will give a high yield of MTBE
wiLii very Little production of impurities due to side reactions
as shorn by Adar.is e» dl°. The interest in the production of
MTBE is due to its applicaLion as an alternativa, non-lead
based compound added Lo gasoline (or petrol), Lo increase
6T A B L E  I . i .
N o . R e a c t i o n  T y p e .
I . A l k e n e  + W a t e r  = A l c o h o l
e g .  CH2 = C H 2 + H2 0  = C 2 H OH
2. Alkene + Alcohol = Ether.
eg. CH3OH + CH2=C(CH3 )2 = CH3-0-C(CH3)3
3 .  A l k e n e  + C a r b o x y l i c  A c i d  -  E s t e r ,  
e g .  CH =CH + CH3 COOH = CH3 COOC2 H5
4 .  D i e l s  A l d e r  C y c l o a d d i t i o n  R e a c t i o n ,  
e g .  CH = U l  - C H  =-CII2 + CH2 =CHR = C g H g R
5. Dehydration of Alcohols to Ethers.
eg. RCH2CH2-OH 4 R-OH = RCl^Cl^-O-R + H2
6 . EJimmation of Ammonia from Primary Amines.
eg. RCH -NH + RCH0-NH = RCH2~NH-CH2R + NH3
Re f e r e n c e .
5,6
7,8
9, 10
I 1
12
13, 14
7. Elimination of Hydrogen Sulphide from Thiols, 
pg. KCH -SH + RCH^-SH = RCH2-S-CH2R + H2S
15
/its octane rating. With increasing awarness of the environmental 
damage caused by alkyl lead compounds, there is a parallel 
interest m  any process that provides cheap, alternative compounds, 
such as the use of clay catalysts to synthesise MTBE.
'ihe ability of smectite clays to catalyse such 
reactions, to intercalate inorganic cations, arid to absorb 
waLer and organic molecules into Lhe interlayer are all properties 
of clays that have been exploited. In this thesis, the rate 
of uptake and the relationship between the rate of uptake and 
Lhe structure and polarity of Lhe molecules being absorbed, 
will be invesLigaLed. Also Lhe type of siLe on the clay to 
which these adsorbed molecules bond, and Lhe strength of that 
interaction will be investigated for a variety of compounds, 
m  an attempt to understand the interlayer processes of a 
cation-exchanged montmorllloniLe clay in greater detail.
81 h e S L i u c l u r e  o£ Clay M i nci a Js, Their CaLioti- Exchange
C a p a c i t y  and S w e l l i n g  Prop e i L i e s ■
)
2.1. The Basic Sheet ^Silicates *
All clay minerals ate fonned from two basic sheet- 
iorming units, the silicon LeLi.ahedi.al unit and the aluminum
01 magnesium oclahedtal unit These uniLs combine to form 
two-dimensional sheet structures, which are stacked one on top 
of'the other to foim the clay Layets in a clay parLicle.
2 1 l llie I'etrahcdial Sheet
The siLicon Lelrahedral unit (Fig 2 i a ) is polymerised into 
a Lwo-dimetis lonal array or sheet, by linkage of three oxygen 
atoms at the base of eath Leilahodron, with three adjacent 
tetrahedra, to form a flat Leliahedi.nl sheet The bases of Lhe 
Lelrahedra all lie m  Lhe same plane and the apices all point 
in Lhe same direction (Fig I l b ) The chemical composition 
of Lhe single LeLrahedLon is S tU , and Lhe chemical couipositon 
of Lhe LeLrahedral slieeL is expressed as Si^ .1) (011)^ , wiLh open 
hexagonal rings of oxygen atoms infiniLely repealed in Lwo 
dimensions. (Fig 2 n  )
2 I ii The ol Laliedi aJ Sheet .
lhe octahedral sheet is based on eilher an alummum- 
oxygen ocLagon (GibbsiLe) or a magneslum-oxygen ocLagon (Brucite). 
The aluminum or magnesium is coordinated wiLh six oxygen atoms 
or hydioxyl groups, lhe ocUahedial units (Fig 2 lii.a ) aie 
polymerised m L o  a two-dimensional aciay or sheeL, known as 
Lhe octahedral bhcet. Here the oxygen atoms and hydroxyl groups 
combine to form Lwo parallel planes with Lhe calion lying 
between these planes (Fig 2 m . b . )  lhe hydroxyl species is
C H A P  r I S R  2
tQ  an d  t^_) <=> O x>gens O  and •  **  S iliro ^s
Fig. 2.i: Diagrammatic sketch showing.
(a) A single silica tetrahedron.
(b) ihe sheet structure of silica tetrahedrons.
Fig. 2.ii* A view of the silica tetrahedral sheet projected on 
the plane of Lhe base of the tetrahedrons, showing 
the hexagonal network.
formed m  Ihe sheet when the oxygen aLoms g a m  a negative charge, 
due to the bonding between the octahedrons in the sheet, and 
bind a proton (ll+ ) to salisify then valancy requirments.
2.2 Ihe Layer S i l i c a t e s  __
Ihe differences beLween the various types of clays 
is the way m  which Lite Let i abed l ul and octahedral sheeLs combine 
Lo form Lhe clay layer In facL Lhe raLio of Lelrahedral to
octahedral sheeLs and Lhe Lype of caLion m  Lhe sheeLs, is the
basis for a classification syslem used to assign clays to
various groups (eg lable 2 1 )
Ihe symmetry and aLmosl identical dimensions of the 
lelrahedral and oclahedral sheeLs, allows for sharing of Lhe 
oxygen aLoius beLween Lhe lwo sheeLs (L’lg 2 i v  . ) . When one 
Lelrahedral and one oclaheckal sheel combine Lo form a layer,
Lhis j s  said Lo be a I 1 Lype clay sucli as a  kaolmite. If Lwo 
Lelrahedral sheeLs sandwich one oclahedral sheeL beLween Lhetn,
Lhis is known as a 2:1 lype clay, of which smecLile clays are an 
example 11ns combining of Lhe LeLrahedraL and octahedral sheets 
occurs when Lhe oxygen atoms at Lhe apices of Lhe tetrahedral 
sheels are sliai ed wrlh lhe plane of oxygen aLoms m  Lhe 
ocLialiedral sheeL (as shown in fig 2 iv.)
2 J I he S l r u c l u r a l  CL.issificalion of Clays
Mosl clays fall inLo cilher Lhe I I or 2 • I Lype 
clay gi oups, and clays Lliat are nol members of Lhese groups are 
usually structurally modified 1 1 or 2 1 clay types. Table 2.1. 
lists Lhe major groups of clays and arranges them according to their 
structural cLassificaIron 1L also gives some examples of 
Lhe clay minerals belonging lo Lhese groups lhe differences 
between d a y s  are often expressed in terms of Lhe following three
(a) (b)
Q  and V_) lljdionyls ^  Aluminums, magnesiums, etc
Fig. 2.111’ Diagrammatic sketch showing.
(a) A single octahedral unit.
(b) lhe sheet structure of Lhe octahedral units.
niljO
O  Oxycens (0 )  1 tycJfo*>Is 0  Aluminum, Iron, magnesium 
O  ond % Silicon, occasionally aluminum
Fig 2.iv: Diagrammatic .sketch of Lhe combined tetrahedral and 
octahedral sheets m  a smectite clay.
ci .
parameleL s ,
(1 ) Ihe layer charge.
(11 ) isomor plious substitution 01 inter layer cations.
(1 1 1 ) AbiliLy Lo intercalate water, organic molecules or cations.
Ihis basis will now be used Lo examine some of the clay types 
shown m  Table 2 1 .
(a) Ihe Kaol1n 1Le-Serpent 1 no Gioup__
examples' KaolimLe [AL.Si.U. ,(011).,]4 Alt) o
ChrysoliLe [.Mg, Si. 0 (Oil) ]O 4  I U O
(I ) Uvetall Llie layers m e  amphoteric carrying a negative 
charge on one side ol Llie Layer and a positive charge 
oti Llie opposiLe side
(I I ) luLerLayer c.aLious do not orcui as hydrogen bonding
and sLrong elecLl osLaLic forces hold Llie layers Lightly
Loge Lher
(in )  LntercalaLion is 1 m u  Led, but is possible with polar molecules.
(b) Ihe Pyrophyllitc-lalc Grou^ _
examples' Pyrophy I ] rLc [ A l^  S (Oil )^  ]
Talc ( Mg SiQ0 ,.,(011). J6 o ZU A
(I ) Cairy no layer charge
(I I ) Lsomorphous substitution does not otu u
( n r )  LtiLercalaLion is rare, allhough Lhere have been some
repotLs LhaL waLer molecules and organic molecules have 
been detected between the layers.
(c) Ihe SmecLiLe Group.
examples: Monlmor 1 1 Ionite L(NaM f)(Al_ . Mgn ,)Sio0~n(0U). ]U o J q (J 6 8 20 4
6)(,V (Sl7 <,A1U G>°20(OH)i,]
(I ) Carries a layei chirge of U 5-1 0 units per uniL cell.
(I I ) lsomorphous subsLilulion leadily occurs, wilh Llie cations 
absorbed Lo balance the layer charge.
I 2
I 3
Type Clay Group. Sub Gioup Mineral.
I * 1 Kaoliuile-SerpenLine Di-ocLahedtal KaolimLes Kaolinite
I’-O in-octahedral KaolimLes Halloysite
Chrysotile
1 A B L E  2 . 1 .
2:1 PyrophylLlLe- 'laic 
1 • 0 • I’
Di-octahedial Pyiophyllite 
1L i—octahedral Talc
Pyrophyllite
Talc
SmecLite Di -octahedi aJ MouLinor 1 1 Ioni te MonLinorilloniLe
In-ocLahedral Saponites Nontronite 
Saponite 
Hector ite 
Glauconite
Vermicul ite Di-octahedral Vermiculite 
I n-octaliedia 1 Vermiculite
Vermiculite
ill ite Di-ocLahedraJ II lite 
Irj-octdhedLal lllite
Illite
True Mica U i - o l tahedral Mica 
'i n - o c  taliedi al Mica
Muscovite 
Paragoni te 
Phlogopite 
Biotite
ßriLLLe Mica Di-oclahedral IliiLLle Mica Margarite 
1 n-octahedra 1 BtiLLle mica Clmtonite
L I’ I LhJonle IJì-ocLahedra 1 Chlorite Pennine
(T*U L 1ll-ocLahedial UiloriLe Donbassite
modified) Clmochlore
Prochlorite
14
documented^J
(d) lhe VermiculiLe Group__
examples: Veimiculitc [(Mg,. ,.)(Al,)(Si, „Al. 1 )U„n(OH).]0 . 6 4  6 . 8 1 . 2  20 4
(1 ) Cairy a high layer charge of 1-2 uniLs per utuL cell.
( n )  Isomorplious subsLiLuLion occurs only m  Lhe LeLrahedral sheet, 
( m )  J nlercaJ aLion of waler and organic molecules also occurs.
(g ) llie llliLe Group__
examples' lllite [ (K . )(Mg )(Si ,Al. r )0 (Oil) ]I 6 L 6 6.4 1 6 20 4
(i) Carry a layer chaige of about 1 6 units per unit cell.
( n )  isomorphous substitution occurs, but exchange of Lhe
mterlayer caLions is difficulL.
(in )  SLrong uiLeilayer bonding makes lnLercalaLion very rare.
(f) lhe Irue Mica Group
examples MuscoviLe [ (K ) (A I. ) (Sir Al . )0nri(Oil). J2 4 b 2 20 4
(i ) Carry a layer charge of 2 uniLs per uniL cell, causing
sLrong h i Lg l layer bonding
(1 1 ) InLerLayer subsLLtuLion of caLions is tare.
(in )  lnLercalaLion is also veLy rare.
(g) 'Lhe B n L L l e  Mica. Group__
exampLes MargariLe I(Ca_)(Al.)(Si.A l .)0„_(0H).]2 4 4 4 20 4
(i) C a n y  a loyei chai gc of 4 unils per uniL cell, causing
very sLrong inter layci bonding.
( u  ) Isomot plious substitution m  Leli.ahedi.dl siLes only.
( i n )  luteicalaLion is consequently very rare.
(h) The ChloiiLc Group
examples Uonbassile L Al^Si (H^O)-, J
Cl m o d i  lore [ Mg j ^ l g O ^ O l l ) ^  ]
(l) No layeL chaLge occurs m  Lins group.
( i n )  l n L e r c a l a L i o n  o f  a wide range o f  compounds i s  w e l l
(li) JLnLerlayer caLions die noL replaceable.
(1 1 1 ) LntercalaLion of water octurs only when Lhe hydrogen
bonding between the layers is disiupted.
Following this b n e f  overview of Lhe different clay types, 
the mineral montmoiilloniLe from Lhe smectiLe group of 2:1 type 
clays will be considered m  greater detail 
2 4 lhe StrucLure and PropeiLies of HouLmoillloniLe
A Lwo-dimensional lepresenLaLion of Lhe Lhree- 
dnuensional sLrucLure of luouLmoillloniLe is shown (Fig 2 v.).
l’his is Lhe Hofmann-Ende 1-Wi 1m model of Lhe sLrucLure of
24 60 , montmorilloniLe, as modified by Marshal , Madgefrau and Hofmann , ana
Hendricks'^ Tins is generally accepLed as Lhe sLrucLure of montmorillonii-e
and is Lhe model LhaL wilL be used LhroughouL Lhis thesis.
MouLmoril lomLe layers dilfer from the other pyrophyllite
clay layers, m  LhaL Lhe inonLmor ll lomLe is an aluminous smecLite,
i_e Al^4 caLions are jsomotphously substituLed by llg^+ or Fe^+
caLions m  Lhe ocLahedral sheeL Ibis resulLs m  the accumulation
of a negaLive chaige on Lhe layers. IsomoLphous subsLiLuLion
4-» 3 1of S j caLions by A1 caLions m  Lhe LetiahedLal sheet also
occurs, buL Lo a much Lessei cxLent.
lhe modifications of Lhe llofmann-Endel-Wilm model
suggested by Marshall and lletidiicks, were Lo accounL for the
Large cation exchange capaciLy of monLmorilloniLes. lhey postulated
LhaL Lhe isomorphous subsLiLut,ion m  Lhe LeLrahedral and octahedral
sheets, results m  a negaLive chaige on Lhe lajers. Ibis cliarge
is baLanced by Lhe uptake of cations into Lhe inLerlayer, Lhe
eieiLios tatic oi Van der WaaLs forces beLween Lhese cations and
Lhe layeis, noL only mainLains Lhe clay in a sLable sLrucLure,
buL also accounts for many of the properties of a montmoiillonite,
16 <
Lxtitnngenble callous 
nl 1,0
O u x y i i o n s  © l l y d i o x y l s  #  Alumlnilm, Iron, magnesium 
O  nnil ^  Silicon, occasionally aluminum
Fig. ¿.v: Diagrammatic sketch of the Hofmann-Endel-Wilm and
Marshal1-Hendricks model of a smectite clay.
especially inLe lcalaIion of organic molecules and w a Lei.
J L should be uoLed LliaL Edelmann and Favajee ^  suggested 
an alternative structure T o l  niontinoi 1 1 Ionite m  the 1940’s, as 
shown m  Fig 2 vi lhis shows every ailernate silicon LeLrahedron 
m  Lhe tetrahedral sheet is inverted, so that all the apical 
oxygen atoms m  Lhe LeLralied i al sheeL do noL lie m  Lhe same 
plane Ibis was laLei modified from every alLernaLe LeLrahedron 
Lo 20% of Lhe LeLrahedrons in Lhe LeLrahedial sheeL being inverted.
11ns was Lo accounL for Lhe observed caLion exchange capacities 
of mouLmorillouiLe, which could noL be explained by Lhe previous 
suggesLion Any gaps LliaL o c l u i  m  the sLrucLure as a result 
of lnverLiug Lhe LeLLahedions , are filled by hydroxyl groups, 
which also lepLace apical oxygen aLums on Lhe ouLer side of Lhe 
Letiahedral sheeL
With Lius strucLuie Lliey suggesL, no isomoiphous 
subsLiLuLion occurs in eLthoi Lhe LeLialiedial 01 ocLahedral 
sheets Uissocation of Lhe liydioxyl groups on the layer surface 
is said Lo accounL for Lhe (dlion exchange capaciLy of monLmonllonite. 
Lius s L rue L u l e ls noL widelj accepted Loday, alLhough lL has been 
suggesLed LhaL Lhe Edelmann-Favajee model is represenLaLive of 
a CheLo mouLmor lIIoiiiLc clay, and Lhe modified Hofmann et al model 
represeuLs Lhe Wyoming man Lino i 1 1 I on l Le clay In Lhis thesis only 
Lhe modified Hofmann eL al model wlII be considered 
2 5 lhe CaLion Exchange Capacity of Montiuoi 1 1 lomLe .
Naturally oicui m g  clay minerals have the ability to 
absoih cerLain caLion?, (naluially o c c u r m g  monLmonllonite is 
usually a sodium cation exchanged clay, alLhough some calcium 
caLions are often picbent ). If Lhis clay is exposed Lo a solution 
of a different caLion, it is possible Lo leplace Lhe previously
°c
C\uwn\jt'üb¡e Cottons 
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Fig. 2.vi: Diagrammai i e. sketch of the Edelman and Favejee model 
of a smcc-liLe <. lay.
sorbed cations wiLli those j n the solution ALLempLs to determine 
Lhe cation exchange capacity (cec) of a clay wete among the 
earliest clay properties discussed m  Lhe scientific literature 
le. Way's 1 paper i u 1847 'Jhe cec ul a clay is usually expressed 
m  millicquivaIcnts of i>u hang ib 1 e cations pei 100 grams of 
clay, (meq/IOOg), for montmoi j 1 1 o m t e  this is usually 80-150 
meq/IOOg llie cec of a clay is influenced by several factors, 
and to a large e/lenL depends on Lhe sliucLute of the clay.
(, 1 ) jjioken Bonds at Llie hdges ul Lhe SilicaLe Layeis
This is a significant factcu m  1 1 type clays, such as halloysile
as no lsomorphous substiLuLion occurs, so broken bonds become
Lhe major con L r i buL m g  JacLru Lo Lhe cec of a 1 1 type clay
In Lhe case of 2 I Lype clays, such as Lhe smecLiLe minerals
isoinoiphous subsl lLuL3 on is exLensive, hence broken bonds account
Jor only 15-20% (oi less) of Lhe LoLal cec of Lliese clays.
(2) 1 soLiiorplious Subs LiLuLion_
For inonLmorilloni Le clays Lius is usually Mg^* or Fe^+ cations
for Al^' caLions in Lhe ocLaheckal slieeL, and less commonly Al^ +
4 ifor S l hi Lhe tetrahedral sheet, llie negative charge on the 
clay layers caused by isonioi phous subs L l LuL ion, is balanced by 
Lhe upLake of caLions m L o  Lhe inLerlayer ot m L e i  lamellar space.
’Ibis pi ocess accounLs for abouL 80% of Lhe LoLaL cec of a 
inouLmor i I loniLe clay
(3) ReplacemenL of Lhe llydio g en A Loins of Exposed Hydroxyl Groups
Ibis is LhoughL Lo accounL foi any lemainmg cec of a montmorlllomte, 
nut aLready accounted Co. by Lhe previous Lwo processes. ConsequentLy 
Lhis iepreseiiLs a small amount of Lhe LoLal cec of monLmorilloniLe 
clays KaoLinite or 1’ 1 typo clays have an exposed plane of 
hydLoxyl groups on one side ol Lhe silicaLe layeL, so replacement
I 9
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of Lhe hydrogen aloms of Lhese groups, would make a significant 
contribution to the Lotal cec. of k a o l n u L e  clays. However, this 
is not thought to be the case as Lhe hydrogen ions or protons 
are very tightly bound to Lhe oxygen atoms, making it difficult 
Lo displace Lliem wilh a sLerically large di- or L n - valent cation. 
Indeed this is one of Lhe argumenLs against the Edelmann-Favajee 
model foi Lhe sLrucLure of m o n L m o n l l o n i t e , since the inversion 
of 20% of the silicon tetrahedron's m  the LeLrahedral sheet 
exposes a hydroxyl surface Lo Lhe m L e i l a y e r  space, and displacement 
of Lhe prolons from Lhese groups would have Lo account for 
about 80% of Lhe cec of monLmoillloniLe clays, and Lhis is thought 
Lo be unlikely, 'fable 2 n  gives an m d i c a L i o n  of Lhe magnitude 
of Lhe cec's of differenL clay Lypes
IABLE 2 . i i
Mineral CaLion Exchange Capacity.
Kao 1 m i  Le 3-15 meq/ 100g.
HalloysiLe 411^0 40-50 meq/100g.
MonLmorilloniLe 80-150 meq/100g.
VermicullLe 100-150 meq / 100g.
111ite 10-40 meq/ 100g.
ChloriLe 10-40 meq/100g.
2 6.  l’Lie E x c h a n g a b l e  C a t i o n s
'lhe position of Lhe exchangable cation in the clay 
sLrucLure is deLeimined largely by Lhe si^e and charge of the cation. 
Of Lhe LoLal cec of monLmoillloniLe approximaLely 20% of Lhe 
exchangable caLions are assocaLed wiLh broken bonds at Lhe 
edges of the silicate layers. Here Lhe cation is held beside
Lhe negatively charged site, or it may be bonded to an oxygen atom 
of a dissocated hydroxyl group. The remaining 80% of Lhe cec is 
due to Lhe exchangable cations being held on or between the 
basal surfaces of Lhe silicale layers. Ibis occurs when a 
negalive charge accumulaLos on Lhe clay layers due Lo isomorphous 
subsLiLuLion within the layer structure.
The positions 01 siLes within lhe mlerlayer occupied 
by the cations depends greatly on the hydration stale of the clay.
For example, m  an anhydious montmoillloniLe Lhe cation may
occupy Lhe hexagonal cavily in Lhe tetrahedral sheet,(see Fig 2.in.).
if Lite ualion is small enough Jf Lhe clay becomes parlly hydrated
and adsorbs one layer of water m L o  the interlayer the cation will
remain m  Lhe hexagonal taviLy. However, when two or more layers
of water aie adsorbed by Lhe clay, Lhe calion is displaced and lies belween
Lhe Lwo layers of waLer, le separaled from Lhe basal planes
of Lhe monLmorilloniLe by a layer of waLer (Fig 2.vn.) on each
side 'lhe precise posilum ol Lhe cation m  the mterlayer
nol only depends on lhe hydration state of Lhe clay, but also
on Lhe charge and size ol Lhe cation m  question. However, Lhe
20% of Lhe cations bound at lhe clay layer edges are unaffected
by Lhe hydralion slaLe of Lhe clay.
The leim ion-exchanged clay refers Lo a clay whose 
available calion siLes aLe saluraled, usually with Lhe naturally 
occurring calion, moslly sodium m  Lhe case of monlmorillonite 
'lhese callous are then exchanged or replaced wiLh a different 
cationic species using a calion exchange process. However not every 
cationic species is exchangable, and Lhe following rules govern 
wealher a calion is exchangable or not.
(l) Ions of higher valency replace Lhose of lower valency, and
\;
are bound more Lighlly Lo Lbe inLerlayer exchange sites.
(ii) If Lbe ions have the same valancy. 'ihe larger the ion, 
the better it will be at displacing a smaller ion of the same 
valency This rule holds unLil the exchanging ion's size and 
coordination properties do not allow it to fit the hexagonal 
cavity of the tetrahedral sheet optimally It should be noted 
that hydrogen is an exception to these rules as it can behave 
as a di- or tn-valent cation
2.7. Sorption by Clays.
2.7. i. Adsorption of Water by Layer Silicates.
Swelling or Lbe adsorption or intercalation of 
water into the mterlayer space causes the basal spacing of the 
clay (Fig 2.viii ) Lo increase, or the clay Lo increase m  
volume/ ie swell. Ibis processes is greatly influenced by 
ihe nalure of Lbe m L e r  layer caLions . ’lbe waLer m  Ihe mterlayer 
is an mlegral number of waLer molecules Lhick. Ihe number of 
layers of waLer formed was shown to depend upon the exchangable 
calioti and Lhe partial pressure of the waLer Norrish”^  showed 
lhaL lhe layers of a sodium monlmoriiloniLe could be expanded ] 
sLepwJse, (ie waLer layer on top of waLer layer), Lo a basal 
spacing of 4t)A (anhydrous sodium monlmoriilonile has a basal 
spacing of abouL 9 6A) When Lhe basal spacing increases above 
40A Lhe layers are laketi Lo be completely dissocialed. However 
i iL was also shown that calcium monLmorllloniLe clay could not 
be significantly expanded beyond 15 - 4A , and this basal spacing 
coriesponds Lo Lwo layers of water m  the mterlayer. This 
type of limiled expansion was also found for polassium and 
magnesium calion-exchanged mouLinorilloniLe clays Ibis agrees 
with lialldiiLine e t ai L Hidings LhaL Lhe physicaL characLeristics of
2 2
23
Silicate layers
Cation held between 
the water layers
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Cation in the hexagonal cavity of the 
tetrahedral sheet of the silicate layer
o-Water Molecule.
Q  = Interlayer Cation.
Fig 2.vii. The location of the cation in hydrated raontmorillonite.
(note, this depends on the water content of the clay)
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Fig 2.vni. The expansion of the clay layers upon intercalation.
(note, the clay layers expand from the edges inwards)
smectites are related to the inLerlayer sheets of water. Also 
the layer charge which is Low for montmorlllomtes (see 
section 2.3.C ), influences the tendency of the clay to 
intercalate waLer layers, and other organic molecules 
The clay minerals with a high layer charge have a lower tendency 
to intercalate water or organic species by swelling, as the 
electrostatic interactions between the layers and the cations, 
make it mote difficult, (le more energy is required), for 
the intercalating molecules to force the layers aparL.
InLerlayer waler molecules have been found Lo 
be very stable, and this is LhoughL Lo be due Lo Lhe fact 
that six waLer molecules fill Lhe coordination or hydration 
sphere of Lhe inLerlayer calions, forming hydrogen bonds 
wilh the oxygen aloms and hydroxyl groups of lhe silicate 
layers I’ulher uptake of water is thought Lo form hydrogen
bonds wilh Lhe exisLmg oxygen aloms of Lhe waler in the cation
c
hydralron sphere, and Lhe oxygen aloms and hydroxyl groups
of Lhe silicaLe layers llns conLmues wiLli certain cations
such as sodium until lhe mleractions between lhe silicale
layers and Lhe calions m  a waler suspension are so remote
that Lhe layers may be considered to be compelely dissocated.
2 7 (1 1 ). Adsorplion of Polar Organic Molecules on Inorganic
CaLion Exchanged Clays.
Polar organic molecules are readily mlercalated
by many clay nuneials and especially by ion-exchanged
? 0moutmorillouile clays L'lg 2.ix. represents Mac Ewans findings 
LhaL a halloysile or 1 • 1 Lype clay inlercalates a single layer 
ol polar organic molecules, due Lo Lhe amphoLenc ualure of Lhe 
halloysile layers Monlmot lllomle on the other hand can form
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mullilayers of m L e r l a y e r  polar molecules, due Lo the overall
negative charge on the monlmorillonite layers. Recent in£a-red
23 .studies have shown that polar organic molecules m  the interlayer
do not follow the pattern shown by the simple model in Fig 2.ix.
llut they actually compete with water molecules m  the hydration
sphere of the m L e r l a y e r  cation, occupying sites m  the outer
coordination sphere of the calions In some cases such as a
strongly polarising caLion, the polar organic molecules can
occupy sites in the inner coordination sphere of ihe cations, and
A 1 ^ H cation-exchanged monlmorillonite clay gives an example
of this effect.
2 8 . Sedimentation of Monlmorillonite as a Separation technique.
This is based on Stokes'Law for particles of a 
radius, a, falling with terminal velocity, v, through a liquid 
medium viscosity, §
F = 611 a §v 
F = the force on the particle 
Ihe inlet national standard maximium limit is ~2pm for the 
particle diameter of a montmorilIonite clay. Ihe solution 
of clay and water is mechanically stirred for one hour to ensure 
an even distribution of clay particles throughout the water. This 
solution is allowed Lo stand for a calculated time, and the Lop 
1Ocm fraction of the solulaon is siphoned off Ibis is Ihen 
cenlrifuged Lo sedimeuL Ihe clay parLicles. A reasonably pure 
clay is obLaitied, as mosL of Lhe impurilies such as micas, quartz, 
and iorn-oxide bonded platelets have a greater density 
than Lhe clay fracLiou, so Lhey will sink furlher than 10cm 
during Lhe sedimenlalion period
So assuming spherical paiLicles SLokes' Law becomes,
26
Fig 2. i x . Schematic diagram of the positions of polar molecules 
m  the lnLeirlayer of a I I type clay and a 2.1 type 
clay (note, the duiphoLeric nature of the 1 1 type clay)
where Y = Lhe particle density = 2 . 6 5 x l 0 3 Kgm
a = 10 ^ m
§ = 10  ^ Kgm 's  ^(at 20°c)
v = distance/time = d/t
g = 9.81 ms ^
therefore, Lhe sedimenLaLion period is •- 
L = (9/2)§(d/Ya2g)
So if the clay solution is left Lo sland overnight (> 16 hours) 
Lhe parLicie size obLamed wall be < 1.4 pm, hence conforming 
Lo Lhe mLernational statidaLd particle size definition.
F = mg  = ( 4 / 3 ) K a 3 Yg
- 3
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Expermental Procedures.
3.1 Preparation of Lhe Basic MonLmorilloniLe Clay
A raw or unprocessed Wyoming montmorillonite clay
was used, (supplied by Volclay Ltd., Wallasey, Cheshire). The raw
clay is processed using a sedimentation technique Lo remove
impurities such as flakes of mica, quartz and other non-clay
minerals, leaving a sodium exchanged montmorillonite clay (this
may be 80% sodium and 2 0% calcium depending on its origin).
Firstly a suspension of approximately lOg clay/1000 cm3 
of distilled water is mechanically stirred for I hour. The container 
is then covered and left to stand overnight (ie >16 hours), the 
upper 10cm fraction of the suspension is then siphoned off and 
stored,(the explanation for these times and volumes is given m  
chapter 2 section 8 ) Lhe volume of suspension removed from the 
container, is replaced with an equal volume of distilled water, 
stirred for I hour, and Lhe whole process is repeated 3 or 4 times 
with Lhe siphoned off fracLion ( this contains the clay of mtrest) 
being sLored each Lime, 'lhe initial stock suspension may then be 
disgarded as iL conLains mainly Lhe impurities from the raw clay.
lhe sLored fracLions contain the sodium exchanged 
monLmorilloniLe clay of a parLicle size <2pm. Ibis clay is extracted 
from Lhe suspension by centrifugation, with Lhe water being disgarded 
and Lhe clay sludge being lefL Lo air dry on a clock glass for 1 
or 2 days, m  an atmosphere LhaL is free from solvent vapours.
When dry Lhe clay is ground to a fine powder using an electric 
coffee mill or a pesLle and morLar, and is sLored for use at a 
laLer daLe.
C H A P T E R  3
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3 2. Preparation of Cation Exchanged Mon Lmo l. llloniLe Clays.
Ihe sodium exchanged montmorilloniLe clay is the usual
naturally occurring form of Lhe clay, and as described in chapter
2, lL is possible Lo prepare oLher caLion-exchanged forms of
monLmonlloniLe For Lhese sLudies Lhree ion-exchanged forms that
are commonly used clay caLalysLs were chosen, le.aluminium-exchanged
3+ 3+ntonLmonlloniLe (A1 -M) , chronuum-exctianged monLmorlllonite (Cr -M),
and iron-exchanged montmorilloniLe (Fe^+-M) The Lechnique used to 
prepare Lhese clays is idenLical m  each case, except,that the 
appropiate salL is used Lo give Lhe caLion required, eg. aluminium 
sulphate for a Ai^+-M clay.
A 0 3M soluLion of Lhe sulphaLe salt of Lhe appropiate 
cation is prepared, l’he air di.y, previously prepared sodium- 
exchanged clay is added Lo Lliis soluLion while conLmually stirring 
with a magneLic sLirrei, m  a raLio of 5mg clay/40cm3 of sulphate 
soluLion. 'lhe lesulLmg suspension is sLirred vigorously for 30 nuns, 
and Llien cenLnfuged aL 3000rpm foi a furLher 30 nuns The supernatant 
is disgarded and Lhe clay resuspended m  an equal volume of distilled 
waLet. This suspension is again sLured for 30 nuns. , and centrifuged 
for 30 nuns, at 3000rpm and Lhe supernaLanL disgarded Ibis is regarded 
as one wash, and is repeaLed unLil Lhe clay has been washed at least 
6 Limes 'ibis washing is Lo remove any of Lhe unadsorbed caLions 
LhaL may geL Lrapped beLween Lhe clay parLicles during cenLnfugation. 
To check LhaL Lhe clay has been Lhroughly washed Lhe supernaLant 
from Lhe sixth or final wash may be given a U.V scan to detect the 
presence of any remaining sulphate salts. Also if Lhe appropiate 
sulphaLe salL is noL available, a good second preference is Lhe 
niLraLe salL of Lhe caLion
When Lhe washing is compleLe Lhe clay sludge is spread
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on a clock glass, dried and ground Lo a fine powder as before.
The efficiency of Lhe exchange process may then be lested using a 
back exchange technique
A final important note about Lhe exchange procedure 
is Lhat Lhe PH of Lhe sulphate soluLion, Lhe clay suspension and 
each successive suspension alLer washing is moniLored. It is best 
to mainLam Lhe PH below PH 3 as a neuLral or alkaline PH could 
lead Lo Lhe formaLion of hydroxy-meLal species on Lhe clay surface, 
lhe coaLings of hydroxyl groups on Lhe surface can cause erroneous 
resulLs in Lhe inLerpreLaLion of Lhe resulLs of diffusion and 
adsorpLion studies involving that clay. Should Lhe PH rise above 
PH 3 it may be reduced using a few drops of Gonc.H^SO^, if a 
sulphaLe salL is being used, or Gonc.UNO^, if Lhe niLraLe salt 
is m  use.
3.3 Preparation of -Infra-Red Films and X - Ray DiffracLion Slides.
X-Ray diffraiLion slides are prepared using sLandard 
glass microscope slides cuL m  half Lo form Lwo glass squares 
approximaLely 2x2cm2 Ihese are Lhen coaLed wiLh a layer of the 
clay slurry (before Lhe prepared clay has been allowed to dry) 
lhe thickness of the clay layer is noL cnLical m  XRD slides, 
however a fiLm of 0 5 - I.0mm Lhick is adequaLe. These slides are 
Lhen LabeLled and air dLiod m  an aLmospheie free from solvent vapours, 
when dry Lhey may be sLoLed m  a dessicaLor unLil required.
Infra-red fiLms die also prepared from the clay slurry 
before it is dried, using a polyethylene sheeL Lo prepare the clay 
films. A sheeL of polyeLhylene approximately 2cm wide is taped 
across a glass plaLe (Fig 3 .1 .), a few drops of the clay slurry 
are placed on Lhe end of Lhe sheeL, and are spread along the sheet 
using Lhe glass rod shown m  Fig 3 u .  This rod acLs like a rolling
pin to spread the clay along the polyethylene sheet. However the rod 
is raised from the surface of the sheeL by 3 layers of 'Sellotape' 
which effectively governs the thickness of the clay film on the 
polyethylene sheet The clay is Lhen left to air dry as before, 
after which Lhe clay film is removed from the polyethylene sheet 
by stretching it across a blade, causing Lhe film and sheet to 
separate (Fig 3 1 1 1  ). lhe clay is Lhen cuL into flakes approximately 
2x2cm2 , as this size is adequaLe Lo fil] Lhe sample holder in the
l.R cell.
Some lmportanL p o m L s  Lo noLe abouL this technique, 
are LhaL Lhe Lhickness of Lhe clay film is cnLical, le. if the 
clay film is Loo Lhick iL will noL LransmiL Lhe l.R. radiation 
and is useless, yeL if Lhe film is too Lhin, iL will fall to 
pieces when iL is removed from Lhe polyeLhylene sheet . Consequently 
Lhe clay film musL be Lhick enough Lo be self-supporLing and thin 
enough to LransmiL Lhe 1 R radiation, lhe viscosity or density 
of Lhe clay slurry used Lo make Lite films influences these factors 
greaLly If Lhe slurry is Loo Lhick or has a high clay waLer 
raLio Lhe film will be Loo dense Lo LransmiL Lhe IR radiation, 
and will be of liLLle use Conversely if Lhe clay water 
ratio is low Lhe film will be Loo weak Lo supporL iLself when 
removed from Lhe polyeLhylene backing and so will crumble 
Lo pieces As a general ruLe, equal volumes of disLilled waLer 
and clay slurry from Lhe end of Lhe cenLrifuge Lube will give a 
suiLablc clay waLer raLio, Lo make a good l.R. film.
Lhe opLimal thickness of Lhe film wab found to be 
3 layers of 'belloLape1, any less and Lhe films crumbled, any 
more Lhan 3 layers and Lhe films were Lo dense Lo LransnutL l.R. 
radiaLion. Once prepared Lhe l.R. films were placed in holders
plate used to make clay films.
Fig 3.ii. Schematic diagram 
the roller used to 
make the clay films
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Tip 3.iii Schematic diagram of the method used to remove the clay 
film from the polyelhyle.ie plrips
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fig 3 tv. Schematic diagram of the clay flake holder for the 1R ccll.
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\Infra-Red Spectrometer
Fig 3.v. Schematic diagram of the infra-red variable temperature cell 
used to record the infra-red spectrum of the clay flakes at 
various temperatures under vacuum.
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cut from heavy duty aluminum foil (Fig 3.iv.) labelled and stored 
in a dessicator with'the XRD slides, ihis holder serves two 
purposes, firstly it provides protection for the fragile clay film 
while moving it about, and secondly it fits tightly into the 
circular sample holder of the variable temperature cell of the 
I R instrument, (Fig 3 v ).
3.4. Grain-Size Preparation
The clay powder perpared and ground as described m  
3.1. and 3 2. was graded according to its grain size for use 
throughout these investigations The clay was ground to a fine 
powder m  one of two ways, for clay samples of >lg an electric 
coffee mill was used to circumvent laborious hand grinding For 
clay samples <lg a pestle and mortar was used, because the coffee 
mill did not work efficiently with small quantities of clay.
Once ground to a powder the clay was separated into 
the following g r a m  size groups.
(i ) >250pm
(I I ) 250-125(jm
(I I I ) 125-65(im
( i v ) 65-45|im
(v) <45pm
This was done using sieves with the appropiate mesh size supplied 
and certified by Retsch, Haan, West Germany. After sieving, the 
different clay fractions were stored in glass vials m  dry 
conditions where no solvent vapours were present.
3.5. Thermal GravimeLnc Analysis (1GA)
The diffusion or uptake experiments were carried 
out using a Stanton Redcroft TG-750 Thermobalance m  conjunction 
with a purpose built gas delivery system and a dual pen Lmseis
Fig 3. vi. Schematic diagram the thermobalance and the gas delivery system used throughout the experiments
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chart, recorder (Fig 3 vi ) lhe same expei. imenLaJ set up with the 
addition of a denviLising unit on Lhe balance output was used 
for Lhe LemperaLure programed desoipLion sLudies, using different 
operating conditions as deLailed in secLion 3.6.
'lhe furnace was talibraLed m  the range 18-305°C using 
Lhe known m e l L m g  p o m L s  of the compounds listed m  table 3.1. 
Table 3 l
Mel Ling Point lempeiaLure (°C) Compound.
42-44 DiphenylLindichloride
70-73 2,2 '-Bipyndyl
104-105 i rlpheny1 Linchloride
187-189 4-Aminobenzoic Acid
205-207 3,5-UmiLrobenzoic Acid
237-24 1 DimeLhylglyxoime
302-305 2-MercapLobenzimidazole
'Lhe dry mLrogen gas was passed Lhrough a drying
column, consisLing ol a 4A. synLheLic ¿eoliLe, followed by ^ 2^5
wiLli a visible moisLure mdicaLor (le. 1 L Lurned green on conLact
wiLh waLer). The mLrogen flow was measured aL Lhe ouLput from the
Lliermobalance, using a bubble flow raeLer and a stopwatch. For tlie
3 -1diffusion sLudies a flow of >250cm m m  was found Lo be optimal 
(Fig 3.vii )
A sample weighL of 5mg was used for mosL of Lhe sLudies 
and if Lhe weighL was differenL from 5mg 1 L is w n L t e n  on the 
appropiaLe graphs or Lables. Generally a h e a L m g  rate of 20°Cmm *
was used  lo hcaL Lhe Curiuicc 111 conjuncLion with a charL speed of(
2 0cm hour
lhe Lypical experimenLal run procedure was as follows: 
a sample of clay was placed in Lhe sample buckeL and preheated
0 =  iOOcm^mm * Q  = I5 0 c m ^ m in
3 - 1  3 -O  = 200cm min = 250cm mm
0 10 20 
Time/min
Fig 3 .V1 1 O pium ¿at luu of llie flow LaLe for ihe uptake of 
i-propanol upon Cr~*+-montmor 1 1 lorn te at 18°C.
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-1 " 3 - 1Lo I20°C al 5 ° C m m  in a flow of dry niLrogen of >250cm ram . The
LemperaLure of the sample was maintained at 12U°C for 15min or until
no further weight change occurred ’lhe sample was then allowed to
cool to a known LemperaLure (18°, 43°, 72° or 105°C), and by the turn
of a Lap the dry nitrogen was direcLed Lhrough the alcohol reservoir.
This Lime was Laken as zero for Lhe mass uptake expenmenl.
BeLween runs (parLicularly when a change of alcohol was
necessary) Lhe Lhermobalance was purged wiLh dry nitrogen at a flow
rate in excess of I OOOcm^mm whilsL h e a L m g  Lhe furnace to 500°C
over a 3 0 m m  period and then allowing it Lo cool. After cooling Lhe
furnace, a clay sample was added Lo Lhe sample pan and, if no
deviaLion from Lhe baseline occurred w i L h m  15mm, furLher purging
was considered unnecessary, (eg. typical trace from an experimental
run as described above is shown m  Fig 3 . v m . ) .
3 6 . lempeiaLure Programed DesoipLion (1PL>)
lhe sLudies were ca n i e d  ouL on essenLially Lhe same
experimental setup as Lhe iGA sLudies The ouLpuL from the thermo-
baJance was relayed Lo Lhe charL recorder using a derivitising unit
(this gives Lhe deriviLised weighL loss signal (Fig 3.ix.) ). Also the
dry nitrogen flow is noL run Lhrough Lhe bubble chamber, so it is
3 -1never saLuraLed wiLh solvenL vapour lhe niLrogen flow was 50cm min 
for Lhe 1PD expeiimenLs ibe furnace was heaLed to 800°C at 20°Cmm ' 
and Lhe charL recordei was lun aL 20cm hour A sample weighL of 
7-8mg was used for all of Lhe '1PD experimenLs.
Sample preparaLioti tor a 1PD mvesLigaLion was as follows. 
ApproximaLely 0 Ig of a <45(im tracLion of a previously prepared clay 
was used, l'hlb was labelled and placed m  a small vial, Lhis was Lhen 
placed m  a gas-jar (Lhe aLmosphere of which was saLuraLed wiLh the 
solvenL vapour required), for 48 hours (Fig 3.x. ).AfLer Lhis time
ATemp.
F i g  3 v m . Ex a mp l e  o f  an  e x p e r i m e n t a l  t r a c e  f r o m a t y p i c a l  s o r p t i o n  u p t a k e  e x p e r i m e n t .
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a 7-8mg clay sample is quickly placed 111 llie Lhermobalance, and 
1 Ls TPD profile obLained under Lhe condiLions outlined above. It 
should be noted that a small poLLion of physisorbed solvent is lost 
during Lhe Lransfer of Lhe sample fLom Lhe gas-jar to the thermo­
balance. 1’his was noL a problem since Lhe more LighLly bound, 
chemisorbed species were of more mLresL.
3.7 Infa-Red InvesLigaLions■
'lhese sLudies were used primarily lo corroboraLe and
aid Lhe mLerpreaLion of Lhe lower porLion, (up to 200°C) of Lhe(
1PD profiles ConsequenLly, the samples were prepared m  the gas-jars 
m  the same way as the I'PD samples, Lhe difference being Lhat a 
previously prepared 1 R film (section 3 3 )  replaced a clay powder 
sample
lhe mfa-red specLromeLer used was a Perkin Elmer 983. IR. 
equipped wiLh presample chopping and wiLh quoLed accuracies at 
1600cm * of 2% (ordmaLe) and 13cm * (abscissa), lhe I.R. spectra 
were recorded using an evacuuable variable LemperaLure cell, at room 
LemperaLure miLially, and Lhen afLer evacuuaLion for 1 hour at 50°C, 
IOO°C, I50°C and finally 200°C (200°C was Lhe maximium operaLmg
LemperaLure of Lhe variable LemperaLute cell) The I.R. range 
scanned was 4000cm * Lo 600cm ', however cer L a m  ranges were expanded 
as required, eg, Lhe range 1800cm ' Lo 1300cm ' for Lhe alcohol 
invesLigaLions
3 8 . X-Ray DiffracLion SLudies (XRD).
The XRD slides were prepared m  Lhe same way as the - 
1 R films, and Lhe 1PU samples, using a gae-jar saLuraLed with the 
required solvenL vapour lhe XRD Lraces were recorded using a Jeol 
JDS-8X. Dif fracLomeLer operaLmg aL 40kV and 20mA.
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Open v i a l s  
c o n t a i n i n g  
c l a y  samples ' ?
G a s - j a r  
a t m o s p h e r e  
s a t u r a t e d  w i t h  
v a p o u r .
Open c o n t a i n e r  
o f  L i q u i d  u n d e r  
e x a m i n a t i o n .
.Ground g l a s s  l i d  s e a l e d  
w i t h  vacuum g r e a s e .
G a s - j a r .
Top o f  s u p p o r t  column 
( t h i s  i s  p o r o u s  t o  
a l l o w  a d e q u a t e  v a p o u r  
f l o w  i n  t h e  g a s - j a r )
Tubular column with top 
to support sample vials,
F i g  3 . x . S c h e m a t i c  d i a g r a m  o f  t h e  g a s - j a r  u s e d  t o  s a t u r a t e  c l a y  s a mp l e s
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To measure quanLiLaLively Lhe concenLration of interlayer
cations m  a cation exchanged montmorilloniLe, a back-exchange
technique is used A lg sample of dry, finely ground clay is added 
3 2+to 25cm of a 0-5M Ca solution, (Calcium chloride is suitable as
neither Ca^+ or Cl ions will mlerfeie with Lhe atomic absorption
spectroscopy (AAS) specLra of Lhe caLions of inLeresL in this work,
(Al3\  Fe^1", and Cr^+ ). Ibis mixLuie is shaken vigorously Lo ensure
Lhorough mixing, covered and iefL Lo equilibraLe for aL leasL 48 hours.
The very high concenLraLion of Ca^ + ions will replace the exchangable
mterlayer caLions, forcing Lliem m L o  solution. After 48 hours the
mixture is centrifuged, Lhe supernatant collecLed, and the clay
slurry is re-suspended, re-centrifuged, and Lhe supernatant is
again collected lhe volume of combined supernaLanL is carefully
noLed and Lhe soluLion is Lhen analysed using AAS, for Lhe concentration
of Lhe exchangable caLions of mLeresL This will give Lhe result
m  millimoles of cation per giam of clay
In order Lo quanLify Lhe caLion conLent of the silicate
sheets a similar meLhod is used. Firstly Lake a 3g sample of'a
dry finely ground clay and divide it m L o  Lwo porLions of lg and 2g
respecLive]y. The lg sample is Lhen assayed using the back exchange
meLhod described above Lo quanLify Lhe mLerlayer cation content.
44The 2g sample is assayed using a sodium fussion meLhod . The
resulLs are combined, and the LoLal caLion conLenL minus the mterlayer
cation conLenL, gives Lhe concenLraLion of caLions in the sheet
s t r u c L u r e ,  a g a i n  i n  mmolg ' l h c s e  L e c h n i q u c s  a r e  u s e f u l  when a s s e s m g
a newly made clay, Lo see if Lhe exchange pLOcess has worked and the
exchange cations have actually filled Lhe mLerlayer siLes, or to
check for baLch Lo baLch variations m  a caLion exchanged montmorillonite.
3 . 9 .  Q u a n L i f i c a L i o n  o f  L h e  e x c h a n g a b l e  l a L i o n s
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3.10. Theoretical Background
A model is presented below for a gas diffusing isothermally
at constant pressure into a cylindrical clay pellet through its curved 
lateral surface, m  the absence of chemical reactions. The flat 
circular faces of the cyclmder are assumed to be impermeable and the 
gas is assumed to be initially absent from the pellet Subsequently 
the cyclmder is exposed to an atmosphere with a uniform concentration 
of the gas, the surface concentration approaching the value of this 
ambient concentration
the gas at time L at the point with the cylindrical co-ordinates 
(r,0,z). The pellet occupies the fixed right- circular cylinder 
0 r a, 0 < 8 I j t ,  4- z . lhe diffusion of the gas is assumed 
to be Ficikian, and Lhe diffusiviLy D of Lhe gas is assumed to be 
independent of concenLraLion lhe concenLraLion Lhen saLisfies the 
diffusion equation,
Here, ^ > II is expecLed Lo be large, so Lhal the concentration on the 
curved surface rapidly approaches c .
lhe solution of Lhe equaLions (1) - (4) is given m  §5.3
55of Crank . NoLe LhaL Lheie is a misprmL m  Crank's equaLion (5.28).
In this analysis, c(r,8,z,L) denotes Lhe concentration of
UU UL LUL LUU 0°
(1)
Initially Lhe concenLraLion saLisfies,
c ( r , 9, z , 0 ) = 0 ( 2 )
On Lhe flaL impermeable surfaces,
(3)
lhe concenLiaLion on Lhe laLeral surface is given by
c(a,0,z,L) = C*, (I - e“^L). (4)
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ll is fairly sLraighLforeward Lo show lhat,
c (r,0,z , L ) = cCD I “ e -§t Jn(rd)
p 2Tf r a c ( r , 0 , z , L ) r
- r 0 o '
T' _^____  ^o^0(-nr  ^ p a n^*- ( c . )
a n= 1 n (^ ) T) i (°Cna )
Where d = (/^~Yd ), and (^n) is Lhe increasing sequence of positive
roots Lo Lhe equaLion J0 (a£t) = U In equaLion (5),  ^ cannoL take the 
2 2values DgC| , DoCj , . •• , and Jy and J| are the Bessel functions of the 
first kind of order zero and one respectively
Due Lo equaLion (2), Lhe mass M t of Lhe gas adsorbed by the 
clay during Lhe Lime mLerval (0, L) is given by
Mt
EquaLion (5) can be subsLiLuted m L o  tins expression Lo o b L a m
J l L  , ,  - 6 L  J l ( a d )  4Q f  _
M adJQ(ad) a2 ¿I*, ^ ( b  - DOC2,) ^
Where Mm = 2^ira2 is Lhe limiLing value of the mass of gas adsorbed 
by Lhe clay parLicle As m  equaLion (5), lL is required in equation 
(6 ) LhaL ^  4 Uoc7) , UcCj > From kmeLic absorpLion caLa for Mt/M,*,
v/hich was obLained using a gravimeLnc method, Lhe consLants D and B 
can be determined using equation (6 ) NoLe LhaL M0 = 0.
In pracLice, Lhe seiies m  equaLion (6 ) musL be LruncaLed 
m  order Lo be evaluaLed numerically, and Lhis LruncaLed solution 
will be inaccurate for small Limes. Because daLa for M^/M^ were not 
obtained at such Limes, Lhe LruncaLed soluLion was saLisfactory. An 
approximation LhaL is accuraLc for small Limes can be found using Lhe 
techniques reported by CaLslaw and Jaeger"^
If Lhe diffusion coefficienL D(c) varies wiLh concentration, 
Lhe value D found using equaLion (6 ) represenLs a mean value, termed
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the integral diffusion coefficient Crank“’*’ gave m  §11.6 the relation
D = — D(c) dc
The ambient temperature, T, is a parameter in the isothermal 
experiments that has thus far been suppressed Diffusion in porous 
crystals is normally assumed to oney the Ariheuius equaLion 
'D = D0exp(-AE/RT) C onsequently, if D is determined over a range of
o
temperatures, the activation energy AE and D can be calculated.
j
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CHAPTER 4 
LiteraLure survey
4 . 1 General InLroducLion
For many centuries now, clays have been used to make products
varing from earthenware vessels and ceramics to bricks and building
materials l'oday the use and applications of clay minerals are much more
extensive and technically demanding Clays are no longer taken straight
from the earth for use, instead they undergo extensive processing to
yield a range of structurally similar clays with a variety of properties.
These processed clays have been used in a number of applications
including molecular sieves where the clay is used to seperate compounds
on the basis of molecular size. Another application of clay that has
expanded m  recent years is its use m  electrochemistry. This is
2 5demonstrated by Oyama and Anson , where sodium-montmorillonite was
used to coat a graphite electrode, and the clay plays a primary role
in catalysing the reduction of hydrogen peroxide at the electrode
surface Ihe reason suggested for this, is that iron cations (Fe^+ )
4+ 3 +which isomorphously substitute some of the Si and A1 cations in the
monLmorillonite structure, (specifically the octahedral sites) may
greatly enhance the acLivity of the electrode towards the reduction of
hydrogen peroxide m  solution Rudzinski and Bard , examined the
abiliLy of montmorilloniLe to transport electrons within its structure.
lhey concluded that for clays with large metal complexes m  their
interlayer space, (le melaL trisbipyridyl complex ions) the electron
charge transport mechanism is primarily due to diffusion of externally
adsorbed species For smaller metal complexes (le Ru(NH„)^+ ) the3 6
transport mechanism is via diffusion through and around the clay sheets. 
This gives cation exchanged montmorilloniLe the potential for a wide
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In recent years pillared clays have been developed,
these are clays which have been modified so that the interlayer
cation is replaced by a large robust cation. Ihe most commonly
used pillaring agents are aluminium based, such as [A1 ^ ^ 0^ (OH) (H^O) j + 
which is thought Lo be uniformly distributed on the interlayer
surfaces. The large cations give large basal spacmgs m  the clays,
and reactant molecules can diffuse more quickly to the active
inter lamellar sites,' so where the reaction rate is diffusion
27controlled reaction can occui more quickly Also Diddams eL al has
has shown that pillared clays can change the selectivity for certain
reactions,ether synthesis from pentanol among oLhers, with the
selectivity differing significantly from those for non-pillared
clays OLher examples of pillaring agents would be niobium and tantalum
M,C 1 ,!!+ cluster cations, (Nb^Cl‘7*’^+ and Ta^Cl^t) however such 6 12 6 12 6 12
examples aie rare and aluminium based pillaring cations are more 
commonly used
Cation exchanged clays and especially montmorillonites
18have proven useful as selective catalysts for organic synthesis
(seclion 4 2 ) .  The acidic nature of cation exchanged montmorlllonite
is what gives it a wide potential degree of utility m  acid
catalysed and other reactions, with shape selectivity and product
28disLibuLion ratio engineering a Lso possible Cation exchanged
montmorillonites provide a source of protons to catalyse reactions,
and choosing the opLimium clay-solvent system is important. This
will allow the maxinuum product yield and the shape selective nature,
reduces the amount of side reactions occurring, (Table l.i. list
7 0 Qsome of these reactions). An example is a study by Adams et al ’
3+ 3 +where the reaction of methanol and isobuLene over Al , Fe and
r a n g e  o f  e l e c t r o c h e m i c a l  a p p l i c a t i o n s .
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Cr^+ clays using a range of solvents to produce methyl-t-butyl ether 
(MTJBE) as the major producL was investigated. Ml'BE is used as an 
alternative non-lead based additive to petrol, to increase its 
octane rating. When producing Ml’BE c h o s m g  the correcL solvent- 
caLion exchanged clay sysLem is very important to get the optimium 
yield at the lowest temperatures
4.2 Catalysis by Clays
A brief outline of Lhe types of reaction for which solid
acid catalysts have been used is given m  Table l.i This is a very
short synopsis from a long list of reactions for which clays may
be used. Before examining these reactions m  detail it is worth
considering some of Lhe factors influencing Lhe catalytic process.
In most cases Lhe clay appears Lo be acting purely as a solid
9source of protons However Lo daLe lL has noL been possible to
produce a set of guildlmes for caLalysis by monLmorlllonites,
which would help Lo decide wheLher a parLicular acid-catalysed reaction
wouJd succeed over a clay or which would suggest procedures to
optimise yields for a partictular reaction. As protons are responsible
for the acidic charaiLer of Lhe clay, and are produced by polarization
30 5of inLerlayer waLer , Adams el al have confirmed experimentally
LhaL M^+-r>onLmori lloniLes are more acLive than divalent or
3+ 3+ 3+monovalent ion-exchanged clays Consequently Cr , Fe and Al
are Lhe more usual inLerlayer caLions used m  caLalyLic processes.
4.2 l ReacLion SiLes
AlLhough Lhe proLons necessary for acid caLalysis are 
produced in Lhe inLerlayer legion, reacLion need noL occur Lhere. 
lhe mobile proLon can easily migraLe to a more convenient location 
for reaction. It is impoiLanL Lo noLe, LhaL when the water is 
polanzed abouL Lhe inLerlayer caLion, it can exert enormous
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polarizing power on any molecule m  Lhe neighbourhood. Hence, 
immediately on production, Lhe proton ( H+ ) will protonate a molecule 
present in the mLerlayer space and Lhis process may be described
as,
M(OH )m+ + H O ------------ >  LM(OH ) OH](m_1) + H_0+
2 n 2 2 n- 1 3
or m  the case of an organic molecule being present m  the mLerlayer 
then,
M(OH ) m+ + R --------------- > l H ( O H }) . Oil J (in~ '  ^ + [RH] +
2 n 2 n- 1
and Lhe proLonated species can move to Lhe siLe where reaction 
occurs The relative probability of Lhe foreward reacLions occurring 
depends on Lhe number of waLer and organic molecules m  the interlayer 
space The fact Lliat Lhe reacLion need noL occur m  Lhe interlayer 
was dentonsLraled using cat l on-exchanged montmorllloniLe, and the
g
equivalent heaL collapsed clay , (le lL has no mLerlayer region 
as Lhe layers have collapsed) When producLs were formed by the 
collapsed clay, Lhis showed LhaL Lhe carbocaLions [RH]+ can react 
at two possible siLes, eiLher wiLh (i) oxygenaLed polar species such 
as alcohols and waLei on Lhe clay surface, or ( n )  hydrocarbons 
also m  the mLerlayer region. 1'hus the active sites in the clay 
are not confined to Lhe mteilayer region exclusively 
4 2 li Solvent EffccLS
1L was firsL (erroneously) LhoughL LhaL saLurated 
hydrocarbon solvents should be used m  acid catalysed reacLions 
Lo avoid Lhe possibiliLy of coordination of the solvents to the 
mterlayer cations However Adams et al^ found cyclic ether type 
solvents to give comparable yields of Ml’BIL at Lemperatures ~30°C 
lower than when hydrocaibon solvenls are used lhe lower Lemperature 
minimised Lhe yield of side producLs, and for the specific 
example of 1,4-dioxan, (tins was found to give Lhe besL resulL),
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i t  i s  n u s c i b l e  w i t h  a l l  t h e  r e a c t a n L s  and p r o d u c t s ,  t h u s  e n a b l i n g
t h e  r e a c t i o n  t o  p r o c e e d  more r a p i d l y .  A l s o  some d i s p l a c e m e n t  o f
m t e r l a y e r  w a t e r  by I , 4 - d i o x a n  may i n c r e a s e  t h e  i n t e r l a y e r  a c i d i t y .
3)F u r t h e r  t o  t h i s  Adams e t  a l  s L u d i e d  t h e  c l a y  c a t a l y s e d  l a c t o n i z a t i o n  
o f  c y c l o - o c t e n e - 5 - c a r b o x y 1 i c  a c i d ,  a l e a c t i o n  t h a t  o c c u r s  a t  
t e m p e r a t u r e s  a bove  100°C.  l h e  i n c r e a s e d  t e m p e r a t u r e  i s  Lhought  
t o  r emove some o f  t h e  m t e r l a y e r  w a t e r ,  e f f e c t i v e l y  g e n e r a t i n g  
a s t r o n g e r  a c i d .  However  o x y g e n a t e d  s o l v e n t s  such  as  1 , 4 - d i o x a n  
r e d u c e  t h e  e f f i c i e n c y  o f  r e a c t i o n  by c o m p e t i n g  i / iLh m t e r l a y e r  w a : ° r  
f o r  t h e  c a t i o n  c o o r d i n a t i o n  s i t e s ,  t h u s  r e d u c i n g  t h e  number  o f  
f r e e  p r o t o n s .  H y d r o c a r b o n  s o l v e n t s  s u c h  as  x y l e n e  do n o t  h a v e  t h i s  
e f f e c t  So above  !00°C t h e  c a t i o n s  d i e  n o t  f u l l y  h y d r a t e d  and t he  
c l a y  b e h a v e s  as  a s t r o n g  a c i d ,  ( r e a c t i o n s  w i t h  p r i m a r y  and s e c o n d a r y  
c a r b o c a t i o n s  o c c u r  r e a d i  l y ) ,  and s a t u r a t e d  h y d r o c a r b o n  s o l v e n t s  
a r e  more e f f i c a c i o u s  For  low Lemper aLure  r e a c t i o n s ,  when t h e  c a t i o n s  
a r e  f u l l y  h y d r a t e d ,  and o n l y  a r e l a t i v e l y  low a c i d i t y  i s  r e q u i r e d ,  
( p r o t o n a L i o n  t o  form t e r t i a r y  o r  a l l y l i c  c a r b o c a t i o n s  i s  f e a s i b l e ) ,
Lhe u s e  o f  a s o l v e n t  t o  p r e m o t e  m i s c i b i l i t y  ( l e  1 , 4 - d i o x a n )  i s  
a d v a n t a g e o u s .
4 2 i n  Clay Catalysed Reactions__
Some o f  Lhe r e a c t i o n s  l i s t e d  i n  T a b l e  4 . i  w i l l  be
4c o n s i d e r e d  h e r e  ALki ns  e t  a l  h a s  s t u d i e d  t h e  h y d r a t i o n  o f  a l k e n e s  
t o  a l c o h o l s  u s i n g  e L h y l e n e ,  L o - g i v e  e L h a n o i .  1L i s  s u g g e s t e d  LhaL 
r e a c t i o n  o c c u r s  v i a  p r o t o n a t i o n  a t  a b r o n s t e d  a c i d  s i t e  m  t h e
c l a y ,  and p r o c e e d s  v i a  Lhe me c h a n i s m.
+n+  ©I ~H+
c h2=c u2 > c hj - c h2 + n 2o  > c h3- c h2- oii  > ch3c h2oh
e t h y l e n e  WaLei ELhanoi
T h i s  mec ha n i s m may a l s o  be w n L t e n  by i n v o k i n g  a l e w i s  a c i d  s i t e  
w i t h i n  Lhe c l a y
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'■ -L+la  ü //— -------  a
,-CLl
I 1 M> > i r  h
CH =CH------------- >CH,-G11_ + H . U---------- >C11 C H ------------- > C H - C H  -OHI l  1 J 2 /  | J7!  \  z  J Z
However iL should be noLed LhaL reaclions o l c u i mainly on bronsted
sites It was found LhaL Al^+-monLmonlloniLe gave Lhe lnghesL
conversions lo ethanol, with Lhe order of leactiviLy for the cation-
3 "t* 3 "t" 3exchanged monLmoillloniLes, being Al >>l7e >Cl >11 >calcined clay, 
lhe poor yields from calcined clays indicated LhaL Lhe reaction
is,at leasL m  parL,an mLei. lamel lai process. Now as Lhe choice of
cation influences Lhe polanLy of Lhe m L e i  lamellar environment
and Lhe binding of Lhe alcohol Lo Lhe caLion, Lwo Lypes of interactions
are suggested. Ihese ate (i) Lhe inLeracLioii of Lhe empLy electronic orbitals
of Lhe caLion wilh Lhe lone p a n  ol electrons of Lhe alcohol
molecule^ ( n )  sLrength of the hydrogen bonding beLween Lhe alcohol
molecules. ConsequenL1y Lhe aLrangmenL of Lhe eLhanol about Lhe
cation influences Lhe reacLion_ Hence Lhe overall laLe of hydraLion
is effecLed by Lhe Lhe sLrengLh of the alcohol-caLion dipole
aLLracLion and Lins may hinder Lhe approach of Lhe reacLanLs to
Lhe mLerldmelldL caLalyLic siLes. Hence Lhe obseivaLion LhaL
diffeirenL luLctlayeL caLions give diffcrenL yields of producL.
'lhe clay calalysed leacLion of alcohols wiLh alkenes
Lo give eLhers is of some impoiLance, noL Lhe leasL because some sorption
studies m  this Lhosis w g l g  based on some of Lhe work on Lhis reaction.
Adams et al examuied Lhe icacLions of v a u o u s  alcohols (le primary
alcohols (Cj-C|y)) wiLli alkenes (2-meLhyl penL-2-ene) over an Al^+-
monLmor i 1 loin Le . However Lhe producLion of MiBli from meLhanol
and isobuLene will be discussed m  delail as an example of Lhis
group of reacLions. lhe suggesLed LeacLion paLhways aie as
follows
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2 , 4 ,  4 ~ t r i m e t h y l p t o p - 1 - e n e
2 ,4 , 4 - t r i m e L h y l p r o p - 2 - e n e
The c a t i o n  e x c h a n g e d  m o n t m o r l l l o n i t e s  we r e  c o m p a r e d - w i t h  some 
c o m m e r c i a l l y  a v a i l a b l e  a c i d  c a t a l y s t s ,  wh i ch  gave  good y i e l d s  o f  
MTBE (>50%) ,  wh i c h  i s  n o t  s u p n s i n g  as  t h e s e  c a t a l y s t s  a r e  b a s e d '  
on s m e c L i t e  c l a y s .  I h e  KIO and KSF c a t a l y s t s  p r o b a b l y  h a v e  A l ^ + 
c a t i o n s  l e a c h e d  f rom t h e i r  o c L a h e d i a l  s i t e s  m L o  t h e  m t e r l a y e r  
and c o n s e q u e n t l y  b e h a v e  as  Al~* - m o n t m o n l l o n i t e  A l l  t h r e e  c a t i o n  
e x c h a n g e d  c l a y s  A l ^ + , F e ^ + and C r ^ +- m o n t m o r i l l o n i t e  gave  y i e l d s  o f
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>50% MXBE w i t h  low y i e l d s  o f  L - b u t a n o l  i h e s e  r e s u l L s  were  o b t a i n e d  
u s i n g  a l k a n e  s o l v e n t s  ( e g  n - p e n t a n e ) ,  h owever  f u r t h e r  s t u d i e s  w i t h  
o x y g e n a t e d  s o l v e n t s  ( l e  L e t r a h y d r o f u r a n , t e t r a h y d r o p y r a n  ( IHF,  THP),  
and 1 , 4 - d i o x a n ) ,  d e m o n s t r a t e d  t h a t  t h e y  we r e  j u s t  a s  e f f e c t i v e ,  
and  m  t h e  c a s e  o f  1 , 4 - d i o x a n  and A l ^ +- mont mor  l l l o m t e , t h e  h i g h e s t  
y i e l d  o f  MXBE was o b t a i n e d .
I n  t h e  h y d r a t i o n  o f  e t h y l e n e ,  i t  was shown t h a t  an 
i n t e r a c t i o n  b e t w e e n  an o r g a n i c  s p e c i e s  ( e i t h e r  r e a c t a n t ,  s o l v e n t ,  
o r  p r o d u c t  m o l e c u l e )  and m t e r l a y e r  c a t i o n  c a n  i n f l u e n c e  t h e  r e a c t i o n  
y i e l d .  I n  an a t t e m p t  t o  e l u c i d a t e  t h i s  e f f e c t  a number  o f  
' p a r a m e t e r s  we r e  e x a m i n e d .  I h e  b a s a l  s p a c i n g s  o f  t h e  d i f f e r e n t  c a t i o n  
e x c h a n g e d  c l a y s  w i t h  t h e  s o l v e n L s ,  showed t h e  e f f e c t  was n o t  due 
t o  t h e  e a s e  w i t h  wh i c h  t h e  r e a c t a n t  c o u l d  e n t e r  b e t we e n  t h e  l a y e r s ,  
b e c a u s e  t h e  c l a y  s o l v e n t  s y s t e m  w i t h  t h e  l a r g e s t  b a s a l  s p a c i n g s  
(Fe~*+ and Cu^+- m o n t m o r i l l o n i t e  w i t h  1 , 2 - d i m e t h o x y e t h a n e ) ,  gave  t h e  
l o w e s t  y i e l d  o f  MIBE. I h e  m i s c i b i l i t y  o f  t h e  r e a c t a n t s  and 
p r o d u c t s  m  t h e  s o l v e n t  e f f e c t s  t h e i r  d i s t r i b u t i o n ,  however  t i n s  
c a n n o t  be  t h e  s o l e  e x p l a n a t i o n  as  t h e  o b s e r v e d  e f f e c t  d e p e n d s  on 
b o t h  s o l v e n t  and c a t i o n ,  and n o t  t h e  s o l v e n t _a l o n e . I h e  c o n c l u s i o n  
was t h a t  t h e  e f f e c t  was due  t o  s o l v e n t - m t e r l a y e r  c a t i o n  i n t e r a c t i o n ,  
wh i c h  m o d i f i e s  t h e  e f f i c i e n c y  o f  t h e  r e a c t i o n  I t  c a n  i n f l u e n c e  
t h e  c o m p e t i t i o n  b e t w e e n ,  w a t e r , s o l v e n t ,  r e a c t a n t  and p r o d u c t  f o r  
s i t e s  i n  t h e  h y d r a t i o n  s h e l l  o f  t h e  a c t i v e  c a t i o n s .
Adams et al^ mvetigated this reaction further by studying 
the reaction of alcohols (methanol, propanol, and l-propanol) with 
t-butanol to produce l-butylelhers at low temperatures (<100°C), 
using Fe^+-monLmorllloniLe and 1,4-dioxan as the solvent. It was 
found LhaL Lhe yield of L-buLyleLhers from Lhe alcohols was of 
the order methanol>propanol>i-propanol>>t-butanol. Ihis trend
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correlates well with the rate of diffusion for these molecules
within the clay, or inversly with the steric Innderance which
would occur during the reaction step when the alcohol attacks
the carbonium ion, (see Mi’Bl£ reaction pathway) So based on these
studies, the investigations m  Lins thesis were carried out. The
rate of diffusion of the alcohols (methanol, l-propanol and t-butanol)
upon various cation exchanged montmorillonites ( Al^+ , Cr"^+ and Fe^+ ) 
were measured to see if the rate of reaction was controlled by the
diffusion coefficient of the alcohol, (which would be expected to
depend on steric factors) Also the diffusion of the solvents (THF,
3+ 3+THP and 1,4-dioxan) upon Gr and A1 -montmorlllonite was examined. 
This was to see if diffusion of these solvent molecules, could 
influence the rate of reaction by propping the layers apart, for 
the smaller reactant molecules to enter the active sites more easily. 
Also mfared studies of both the alcohols and cyclic ether solvents 
were used to see how these molecules may interact with the clay 
suiface and mterlayer.
10Gregory et ai investigated the addition of acids to 
to alkenes to produce esters or more speciflcially
c h =c h „ + c i k c o o h  - ,cjayh >CH_COO':_H,.2 2 3 Catalys t 3 2 5
Ethylene Acetic Acid Ethyl Acetate
This reaction is known to occur m  the mterlayer region, since 
liLLle or no product is formed using a collapsed clay catalyst.
'¡’he reaction mechanism is thought to begin by protonaLion of an 
ethylene molecule at a bronsted acid site ( 1 ), and the carbocation 
then reacts with an acetic acid molecule within the mterlayer 
region.
( I ) CH2=CH h H® ---------------------- >  CH 8 h 2
Ethylene Proton Carbocation
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( 2 )  CII-8h _ + CI1-C00H-------------------->  CH„COOC0H. + H3 2 3 3 2 5
C a r b o c a t i o n  AceLi c  Ac i d  E t h y l  A c e t a t e  P r o t o n
A l s o  t h e  s e l e c t i v i t y  f o r  c o n v e r s i o n  t o  e t h y l  a c e t a t e  was >99% f o r  
e a c h  o f  a r a n g e  o f  i o n - e x c h a n g e d  b e n t o n i t e  (h+ , A l ^ + , F e ^ t  Cr ^ + ,
Cu^+ , and  Na+ ) .  F u r t h e r  t o  t h i s  B a l l a n t m e  e t  a l ^  s t u d i e d  t h e  
a d d i t i o n  o f  a c i d s  t o  a r a n g e  o f  a l k e n e s .  I h e  c o n c l u s i o n  was t h a t  
i o n - e x c h a n g e d  c l a y s  wer e  h i g h l y  e f f i c i e n t  f o r  r e a c t i o n s  w i t h  a l k - l - e n e s ,  
when compa r e d  w i t h  s u l p h u r i c  a c i d  c a t a l y s e d  r e a c t i o n s ,  and t h e  c l a y s  
have  a h i g h  s e l e c t i v i t y  f o r  a s p e c i f i c  p r o d u c t ,  eg  t h e  above  r e a c t i o n  
o f  e t h y l e n e  w i t h  a c e t i c  a c i d  o v e r  A l ^ +- m o n t m o r l l l o n i t e  w i l l  y i e l d
e t h y l  a c e t a t e  a s  t h e  s o l e  p r o d u c t .
13B a l l a n t m e  e t  a l  h a v e  a l s o  b e e n  i n v e s t i g a t i n g  some 
e l i m i n a t i o n  r e a c t i o n s  i n v o l v i n g  c l a y  c a t a l y s t s .  One o f  t h e  i n t e r e s t i n g  
f e a t u r e s  o f  t h e s e  e l e m i n a t i o n  r e a c t i o n s ,  i s  t h a t  t h e y  a r e  n o v e l  
c l a y  c a t a l y s e d  r e a c t i o n s ,  and ha ve  no c o u n t e r p a r t s  m  p r o t o n  c a t a l y s e d  
s o l u t i o n  c h e m i s t r y ,  ( a l t h o u g h  s i m i l a r  r e a c t i o n s  h a v e  b e e n  o b s e r v e d  
u s i n g  f i n e l y  d i v i d e d  n i c k e l ,  p a l l a d i u m  and r u t h e n i u m  c a t a l y s t s ) .
A r a n g e  o f  s o l i d  a c i d  c a t a l y s t s  ha ve  b e e n  e x a m i n e d ,  ( A l ^ +- m o n t m o r l l l o n i t e , 
A l ^ + , H+ , and N H ^ - b e n t o n i L e ) ,  and Lwo o f  t h e  r e a c t i o n s  s t u d i e d  were  
t h e  e l i m i n a t i o n  o f  ammonia f rom ( i )  a l k y  1-  1 - a m m e s , and ( 1 1 ) c y c l o -  
a l k y l a m i n e s .  The r e a c t i o n  m e c h a n i s m  i s  a s  f o l l o w s .
ill® ® ~NH3 - h® ^( i )  R-CHb-NHo------------------->  R-CH2-NH3 ---------------- >  R-CH2 --------- ------> R - ( j H 2
\+ ©NH~ NH^  I 2 IR-CH2-NH2 r- c h 2 r- c h 2
T h i s  t y p e  o f  r e a c t i o n  i n v o l v e s  t h e  u s e  o f  an u n p r o t o n a t e d  amine  
t o  a c t  a s  a n u c l e o p h i l e  t o  d i s p l a c e  ammonia f rom a p r o t o n a t e d  amine  
m o l e c u l e ,  and s uch  r e a c t i o n s  a r e  q u i t e  unknown m  s o l u t i o n  c h e m i s t r y .
The s o u r c e  o f  h i g h l y  a c i d i c  p r o t o n s  m  t h e  i n t e r l a y e r  r e g i o n ,
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(reacLion occurs al >200°C),ensures that both protonated and 
unprotonated species can co-exist m  proximity close enough for 
substitution reactions to occur, making clay catalysLs almost 
unique for this type of reaction.
.  /  ( N m®
A A  / NM..  / V. '.-AT
Similar reactions involving the elimination of hydrogen 
sulphide from thiols have also been reported^, and these reactions 
are similar Lo the anune Leactions in almost every respect, eg.
-h2s -H
-> R-CH -Sll -> R-CH2-S
R-CH. R-CHr
Catalysis of diels-alder cycloaddition leactions by lon- 
exchanged montmorillonite, have been reported*' It was found that 
while Cr^+ and Fe^+-montmorillonite were effective catalysts 
non-transiLion metal ions such as Na+ , Mg2+ and Al^+ were not. Where 
as :L has been suggested that the clays are not acting as lewis 
acid or proton donor catalysLs, but rather a one electron transfer 
process is involved, leading Lo a radical caLion catalysed process.
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As an example Lhe dimerizaLion of cyclopentadiene using Fe -K10,
(see page 48), Fe^ + and Cr^+-montmorilIonite catalysts will be considered, 
'lhe reaction may be described as follows.
3+ 3+ . . .It was found that Fe and Cr have activities similar to that of
Fe^-KIO even though this material has a much larger nitrogen
2 - isurface area, (250 compared with 50in g ) . So it appears that the
3+ 3 +reactions are not catalysed solely by surface Fe or Cr cations, 
but must also involve Lhose cations m  Lhe mteilayer region of 
the K10 or monLinorilloniLe (note, Lhe cation exchange capacities 
of these materials die similar). If this is true, iL implies that 
diffusion between Lhe clay layers is not the rate deternming process, 
lhe facL LhaL transition metal caLions are acLive, while Al^+ cations 
are not, suggesLs LhaL one elecLron processes are as imporLant here as 
they are m  radical cation catalysed dieis alder reactions. One 
further observation is LhaL reactions caLalysed by Fe^+-Kl0 and 
Fe^ + -montmonlloniLe conLamed numerous unidenLified by-products, 
but Cr^+-montmorlllonite gave a much 'cleaner1 product yield. 
Indicating that Lhe acidiLy of the clay appears to effect the product 
yield and purity.
In conclusion, cation exchanged montmorlllonites may be 
used to catalyse a great variety of reactions, and the clay can 
behave as a solid source of piotons, or iL may be involved in
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electron transfer process catalysis The choice of interlayer
cation can influence the acLivity of the clay for a specific reaction,
and it can also effect the selectivity for, and purity of the
product required. The temperature and solvent used can influence
the acidity of the c l a y ,(usually by displacing interlayer water),
and so effect the reaction. Clay catalysts are easy to use, efficient,
selective and in some cases unique acid catalysts for synthetic
organic reactions.
4.3. AcidiLy of Clays.
The proton-donating or acid-catalysing abilities of a
cation exchanged montmorillonite is one .of iLs most significant
fearures. It is this acidic nature that has led to the use of lon-
exchanged clays as solid acid catalysts. The acid catalytic reactions
are thought Lo Lake place at active sites within the clay structure,
32and Lhese may be divided m L o  Lwo Lypes of siLe , Lhe bronsLed
acid siLe and Lhe Lewis acid siLe. The bronsLed acid siLes, basically
behave as a brdnsLed-lowcry acid which may be defined as a substance
which supplies proLons. 'therefore any substance LhaL increases the
concentraLion of hydraLed protons (ll^O*) above LhaL due to the
33auLodissocaLion of Lhe waLer, is an acid . In the case of an lon-
exchanged montmoilllonite, it is Lhe effecL of the polarizing power
of Lhe m L e r l a y e r  caLion upon iLs sphere of hydraLion Lhat polarizes
Lhe waLer molecules g e n e r a L m g  a source of proLons wiLhin the clay
mLerlayer. So generally bronsLed acid sites are associated with
30 3Athe m L e r l a y e r  cations of Lhe montmorilloniLe ’ BronsLed acid
catalysis is involved in reactions where nucleoplnlic attack on a
28protonated species occurs , and although Lhese reacLions primarily 
occur wiLlnn Lhe mL e r l a y e r  space, when polar oxygenated species 
are involved, reaction may also occur on Lhe surface of the clay.
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I n  Lhe c a s e  o l  i o n - e x c h a n g e d  m o n t m o r l l l o n i l e  c a t a l y s e d  r e a c t i o n s ,
b r o n s t e d  a c i d  s i t e s  a r e  t h o u g h t  t o  be t h e  m a j o r  s o u r c e  o f  t h e  c l a y s
a c i d i t y ,  a l t h o u g h  m  some c a s e s  Lhe s e c o n d  t y p e  o f  a c i d  s i t e  i s
t h o u g h t  t o  be  i n v o l v e d  l h e  l e w i s  a c i d  s i t e s ,  may be d e f i n e d  a s  a
l e w i s  a c i d ,  wh i c h  i s  a g e n e r a l  d e f i n i t i o n  o f  an a c i d  , a s  an e l e c t r o n  
33p a i r  a c c e p t o r  . ( t h i s  d e f i m L i o n  i n c l u d e s  t h e  b r o n s L e d - l o w r y
d e f i n i t i o n  a s  a s p e c i a l  c a s e ) ,  l’h i s  d e f i n i t i o n  i n c l u d e s  many s y s t e m s
whe r e  p r o t o n s  a r e  n o t  i n v o l v e d  a t  a l l .  I n  Lhe c a s e  o f  m o n t m o r l l l o n i t e
t h e  l e w i s  s i t e s  a r e  a s s o c i a t e d  w i t h  t h e  A l ^ + and F e ^ + c a t i o n s  w i t h i n
the octahedral sheet of m o n L m o n l l o n i L e , and Lhe coordination
s p h e r e  o f  Lhese  c a t i o n s  i s  l i k e l y  t o  be made up o f  w a t e r  and
28h y d r o x y l  g r o u p s ,  when t h e y  a r e  e x p o s e d  a t  c r y s t a l  e d g e s  Lewis
a c i d  s i t e s  a r e  t h o u g h t  t o  be i n v o l v e d  i n  l e a c t i o n s  wh e r e  t h e  c l a y
i s  h e a t e d  m  e x c e s s  o f  100°C and so  d e h y d r a t e d ,  ( a l s o  when t h e
c l a y  i s  d e h y d r a t e d  by vacuum)  I t  i s  p o s s i b l e  t h a t  t h e  l e w i s
s i t e s  may be more  s i g n i f i c a n L l y  i n v o l v e d  m  c a L a l y s i s  due t o  t h e
l a c k  o f  w a t e r  a s  a s o u r c e  o f  p r o t o n s  f o r  Lhe b i o n s t e d  s i t e s .
The ability to measure the acid sLrength of a clay catalyst,
m  t h e  same way t h e  PH o l  a l i q u i d  can  be m e a s u r e d ,  i s  a u s e f u l
tool when applying these acids to various caLalytic reactions.
So a v e r y  b r i e f  m e n t i o n  o f  Lhe v a r i o u s  meLhods t h a t  h a v e  b e e n
d e v e l o p e d  o v e r  t h e  y e a r s  w i l l  be  g i v e n .  I t  s h o u l d  be n o t e d  t h a t
t h e s e  m e t h o d s  a r e  n o t  s p e c i f i c a l l y  f o r  i o n - e x c h a n g e d  m o n L m o r l l l o n i t e s ,
b u t  a p p l y  e q u a l l y  w e l l  t o  mos t  s o l i d  a c i d  c a t a l y s t s ,  ( l e  z e o l i t e s ,
s l l i c a - a l u m i n a  o x i d e s ,  k a o l i n s ,  e t c . ) .
One o f  t h e  e a r l i e s t  me t h o d s  was Lhe u s e  o f  HammeLt
35i n d i c a t o r s ,  ( d e v e l o p e d  by HammeLt and Deyrup  m  1932^ ) .  These  
work  l i k e  a c o n v e n t i o n a l  a c i d  b a s e  i n d i c a t o r  , by f o r m i n g  a c o l o u r e d  
c o mp l e x  wiLh Lhe a c i d i c  c l a y  and c h a n g i n g  c o l o u r  when t h e  c l a y
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i s  mi xed  w i t h  a s t r o n g  b a s e  s uc h  as  an a mi n e ,  ( n - b u t y l a n u n e  i s
o o n- commonly u s e d  ’ ) .  The c o l o u r  c h a n g e  o c c u r s  once  t h e  amine
h a s  f i l l e d  a l l  o f  t h e  a c i d i c  s i L e s  on t h e  c l a y ,  ( l e  i s  i n  an
e x c e s s ) .  T h i s  me t hod  however  i s  cumbersome t o  p e r f o r m  and i t  i s
d i f f i c u l t  t o  a c c u r a t e l y  noLe t h e  c o l o u r  c h a n g e  on a d a r k  medium
38s u c h  a s  a c l a y .  A l t h o u g h  i n  t h e  1 9 6 0 ' s  D r u s h e l  and Sommers
d e v e l o p e d  a s y s t e m  o f  f l u o r s c e n t  i n d i c a t o r s  whe r e  t h e  a c i d - b a s e
c h a n g e  i n  t h e  i n d i c a t o r  c o u l d  be m e a s u r e d  u s i n g  a s p e c L r o m e t e r .
More r e c e n t  i n s t r u m e n t a l  m e t h o d s  i n c l u d e  a LemperaLure  p r o g r a me d
39d e s o r p t i o n  t e c h n i q u e ,  d e v e l o p e d  by N e l s o n  e t  a l  , a l Lh o u g h  t o d a y  
a more  commonly u s e d  t e c h n i q u e  i s  m f a  r e d  s p e c t r o s c o p y  ( I R S ) .
I h i s  h a s  t h e  a d v a n t a g e  o f  n o t  o n l y  b e i n g  f a s t  and e a s y  t o  u s e  
b u t  i t  c a n  d i s t i n g u i s h  b e t we e n  b r o n s t e d  and l e w i s  s i t e s  w i t h i n
i 40>41Lhe clay
4.4 The Interaction of Organic Molecules wiLh Acid Catalysts.
(5 3 1Adams e t  a l  ’ h a s  shown t h a t  f o r  c a t a l y t i c  r e a c t i o n s  
i n v o l v i n g  c a t i o n - e x c h a n g e d  m o n t m o r i l I o n i t e s , t h e  n a t u r e  o f  t h e  r e a c t a n t ,  
p r oduc L and s o l v e n t  m o l e c u l e s ,  i n f l u e n c e  t h e  o v e r a l l  r e a c t i o n  d y n a mi c s .  
An u n d e r s t a n d i n g  o f  how t h e s e  m o l e c u l e s  i n t e r a c t  w i t h  t h e  c l a y  s u r f a c e  
woul d  h e l p  i n  d e t e r m i n i n g  how t h e  c h o i c e  o f  Lhese  m o l e c u l e s  can  
i n f l u e n c e  t h e  d i f f u s i o n  r a t e ,  p r o d u c t  f o r m a t i o n ,  and o v e r a l l  r e a c t i o n  
r a t e .  For  t h e  p u r p o s e  o f  t h i s  s t u d y  t h e  d i s c u s s i o n  w i l l  be r e s t r i c t e d  
t o  t h e  i n t e r a c t i o n  o f  a l c o h o l s ,  e t h e r s  and a l k e n e s  w i t h  t h e  c a t a l y s t  
s u r f a c e ,  ( a s  Lhese  a r e  t h e  t y p e  o f  m o l e c u l e s  o f  p r i m a r y  i n t e r e s t  
t h i s  s L u d y ) .  Fo r  Lh i s  work Lhe mosL commonly u s e d  t e c h n i q u e s  a r e  
i n f a r e d  s p e c t r o s c o p y  and t e m p e r a t u r e  programmed d e s o r p t i o n ,  a s  t h e y  
c o mpl emen t  e a c h  o t h e r ,  whi ch  a i d s  i n  i n t e r p r e t i n g  Lhe d a t a .
Throughout Lhe liLeraLure very little work has been done on 
Lhe m L e r a c L i o n  of alcohols, eLhers and alkenes with L n v a l e n t  cation-
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exchanged montmorlllonite. 'lhe work m  this area has centered mainly
2+ + 2+ on Ca , Na , and Cu -montmorlllonite, although some work has been
carried out on Al^+-montmorllloniLe. By examining Lhe mechanisims of
interaction of various clay-organic sysLems, lL is hoped that this
will aid in Lhe mLrepreLaLion of Lhe daLa for Lhe adsorption of the
alcohols and cyclic ethers on Lhe various LnvalenL cation-exchanged
montmorlllonites studied m  Lhis thesis.
When Lhe mLercalaLion of alcohols m  montmorlllonite is
considered several general trends begin to become apparent:
(1 ) The alcohols are adsorbed by displacement of water molecules m
the primary hydration shell of Lhe cations^'
( n )  Primary aliphatic alcohols form single-layer complexes m  the 
interlayer, but smaller molecules such as meLhanol and ethanol can 
form double-layeL complexes^
( i n )  For these small alcohol molecules, the catlon-dipole interactions 
are far more imporLanL Lhan any surface-molecule interaction.
( i v )  For larger alcohol molecules ( l e  longer carbon chain),
Van der Waals mteracLions with Lhe silicaLe surface become more 
significanL.
The applicaLion of Lhese principles is evident m  Dowdy and
MorLlands^ sLudy of Lhe adsorpLion of eLhanol on Na+ , Ca^+ , Al^+ and
Cu^+-monLinonllouiLe, using infared Leclmiques .When considering the
Al^+-montmoillloniLe, lL was suggesLed LhaL Lhe eLhanol interacted
with Lhe waLer and hydroxyl groups of the Al^+-hydration sphere,
and LhaL Lhe Al(UH )^+ ocLahedral complex undergoes
sponLaneous hydrolysis Lo A 1(Oil) (H„0)5^ X  ^+ so that Lhe eLhanolx 2 6-x
be bonded as shown m  Fig 4.i. The mechaniM» of mLeracLion shown is
suggesLed by Lhe mfared daLa. The C—11 sLreching frequencies of ethanol
at (2984, 2936, and 2898cm ), are noL delecLably lowered on adsorption,
6 2
hence C-H 0 hydrogen bonding of the alcohol to the silicate surface
seems unlikely.
Silicate Sheets
,/ / / / / / / / / / / / / / / / / / / 77777’a.
Fig 4.i. A schematic diagram of the interaction of ethanol with
the Al^+hydration sphere m  Al^+-montmorillonite.
Also Lhe deformation band of water at 1635cm ' shifted to a higher
frequency m  Al^+-montmorillonite on exposure to Lhe ethanol vapour
suggesting Lhe above mechanism of interaction.
This emphasizes Lhe imporLance of Lhe caLion-dipole
inLeracLion m  adsorpLion on caLion-exchanged monLmorlllonites. However
if Lhe interaction of n-propanoL on Na+-montmorllloniLe is considered,
6 3a furLher type of interaction appears to occur The n-propanol is 
LhoughL Lo form a single-layer complex of molecules orientated 
perpendicularly Lo the silicaLe sheeLs m  Lhe mLeilayer space.
The n-propanol mLeracLs wiLh Lhe surface oxygens via OH 0 hydrogen
bonds, and also simulLaniously interacts with Lhe mLerlayer Na+ ions 
via iLs oxygen aLom At Lhe oLher end of Lhe molecule Lhe meLhyl 
groups are thought Lo mLeracL wiLh the surface via Van der Waals 
mLeracLions and hydrogen bonds, (Fig 4.n.). For branched chain 
alcohols Lhe siLuaLion is similar wiLh single-layer complexes being 
formed^.
To summarise Lhe adsorpLion of alcohols on montmorillonite 
is influenced by both caLion-dipole and surface-dipole inLeractions, 
as there is an insufficient numbeL of cations Lo which organic molecules
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c a n  c o o r d i n a t e  so s u r f a c e  i n t e r a c t i o n s  (OH 0 - S i )  c a n  and most
p r o b a b l y  do o c c u r .
F i g  4 . 1 1 . A s c h e m a t i c  d i a g r a m  o f  t h e  i n t e r a c t i o n  o f  p r o p a n o l  w i t h
Na - m o n t m o r i 1I o n i t e  (- Van d e r  Waal s  i n t e r a c t i o n s ) .
S Lu d i e s  o f  t h e  i n t e r c a l a t i o n  and i n t e r a c t i o n  o f  e t h e r s  w i t h  
c a t i o n - e x c h a n g e d  monLmor i 1l o n i L e s  a r e  n o t  w e l l  doc u me n t e d  m  t h e  
l i t e r a t u r e ,  howeve r  s t u d i e s  on t h e  i n t e r a c t i o n s  o f  g l y c o l s  h a v e  b e e n  
c a r r i e d  ouL.  I f  e t h y l e n e  g l y c o l  i s  t a k e n  a s  an  e x a mp l e ,  i t  r e s e m b l e s
1 , 4 - d i o x a n  i n  t h a t  i L h a s  an oxygen  m o l e c u l e  a t  e a c h  end  s e p a r a t e d  by 
a d i s t a n c e  o f  two c a r b o n  u n i t s .
,UH Ov/H C.
HU
E t h y l e n e  G l y c o l
h2c' CH„
.CH,
'U'
1, 4 - D i o x a n
However  i t  d o e s  n o t  h a v e  t h e  r i n g  s l i u c l u r e  and o v e r a l l  s i z e  o f
1 , 4 - d i o x a n ,  and t h i s  mus t  be c o n s i d e r e d  when d r a w i n g  a n a l o g i e s  b e t we e n
6^t h e  two compounds  Dowdy and M o r t l a n d s '  i n v e s t i g a t i o n  o f  t he  
i n t e r a c t i o n  o f  e t h y l e n e  g l y c o l  w i t h  Cu2+- m o n t m o r l l l o m t e , showed t h a t  
e t h y l e n e  g l y c o l  and waLer  compe t e  f o i  t h e  same l i g a n d  s i t e s  a r o u n d
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the cation. Using the 1632cm 1 infra-red water absorption band, they 
showed that this band intensified when the clay-ethylene glycol complex 
was exposed to atmospheric air for increasing lengths of time, and 
the intensity of the bands due to adsorbed ethylene glycol decreased.
Also bands at 2750 and 2650cm ' were attributed to streching vibrations 
of the hydroxyl groups in the glycerol molecule which are directly
coordinated to the m t e r l a y e r  copper ion Ihese bands were thought not Lo be 
due to C-H stretching vibrations, as absorption in this region is weak 
or absent m  Lhe spectra of ethylene glycol complexes with montmor- 
llloniLe containing cations other than coppei^ and m  Lhe spectra of 
ethanol-monLmonlloniLe systems Also no lowering of C-H sLreLching 
frequencies was observed on adsorpLion, as may be expecLed if the 
meLhyl groups were m L e r a c L m g  wiLh Lhe surface, so based on this the 
suggested mechanism of m t e r a c L i o n  for ethylene glycol is as follows
6 5
A single-layer complex with the plane of the carbon chain perpendicular 
to the silicate sheets, and based on the C-H stretching data above no 
C-H------ 0-Si interactions are thought to occur. Also the ethylene
glycol is known to form a double-layer complex via a similar mechanism
, , 69under certain conditions
In general for ethers, one or two layer complexes can exist 
with cation-exchanged montmorlllonite, and for the specific example 
of 1,4-dioxan a single layer complex is f o r m e d ^ ’^ ,  with the plane 
of the ring lying normal to the plane of the surface, and again for 
ethers the interaction is primarily a catlon-dipole and not a surface- 
dipole interaction.
Finally a brief mention of the interaction of alkenes with 
montmorlllonite. Not a greaL deal is known about the interaction of 
these molecules with cation exchanged clays. However it is known that 
unlike polar organic species, they do not occupy'similar sites to 
water at the silicate suriace or satisily the coordination requirments 
of the mLerlayer cations Non-polar compounds are thought to be 
adsorbed by relatively weak, non-specific London Van der Waals forces, 
and lon-dipole effects are not generally important The Tf electrons of the 
alkene double bond are thought to interact with the clay surface so 
enhancing adsorption, (this effect is well known for benzene type 
compounds (le they have large TT electron groups)), making Tfelectron 
interactions an important mechanism m  the intercalation of alkene
i  i  8 1 - 8 3molecules
In conclusion it appears that' catlon-dipole interactions 
are of primary importance for intercalation on caLion-exchanged 
inontmorillonite, and interactions with the silicate surface are only 
of secondary importance - Also the packing of the diffusivative or 
the number of layers formed, depends greatly on the actual diffusing
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m o l e c u l e ,  ( i t s  s i z e ,  s h a p e ,  and p o l a r i t y ) ,  and on t h e  s p e c i f i c  c a t i o n -  
e x c h a n g e d  f o r m o f  m o n t m o r i l l o n i t e  b e i n g  u s e d .
4 . 5 .  D i f f u s i o n  m  C l a y s
I h e  d i f f u s i o n  o r  s o r p t i o n  u p t a k e  o f  v a r i o u s  o r g a n i c  compounds 
i n  c a t i o n - e x c h a n g e d  m o n t m o r i l l o n i t e  was i n v e s t i g a t e d  f o r  t h i s  t h e s i s ,  
howe v e r  v e r y  l i t t l e  work o f  t h i s  n a t u r e  h a s  b e e n  p u b l i s h e d .  I n  a b r i e f  
o v e r v i e w ,  some o l  t h e  o t  t h e  s t u d i e s  t o  d a t e  a r e  a s  l o l l o w s .
In  an e a r l y  s t u d y  by B a r r e r  and MacLeod^* m  1954,  t h e  
s o r p t i o n  o f  p o l a r  ( m e t h a n o l ,  e t h a n o l  and p y r i d i n e ) ,  and n o n - p o l a r  
( o x y g e n ,  n i t r o g e n  and b e n z e n e ) ,  g a s e s  were  s t u d i e d .  The r e s u l t s  showed 
t h a t  boLh p o l a r  and n o n - p o l a r  m o l e c u l e s  c o u l d  be i n t e r c a l a t e d  by 
m o n L m o r l l l o r n t e , and t h a t  g r e a t e r  Lhan m o n o l a y e r  c o v e r a g e  o f  t h e
s u r f a c e  c o u l d  be o b t a i n e d  l l  a s u l l i c i e n t l y  h i g h  p r e s s u r e  was u s e d .
72L a t e r  m  t h e  1 9 6 0 ' s  P a l me r  and Baue r  i n  a p a p e r  on t h e  s o r p t i o n  o f  
a mi n e s  by m o n t m o i l l I o n i t e , r e a c h e d  some c o n c l u s i o n s  t h a t  s t i l l  h o l d  
Loday.  U s i ng  w e i g h t  u p t a k e  m e a s u r m e n t s  t h e y  f ound  t h e  s o r p t i o n  r a t e  
t o  be  o f  t h e  o r d e r  me t hy l  amine  > e t h y l a m m e  > d i m e t h y l a m i n e  >> t n m e t h y l -  
a m m e ,  s o  c o n f i r m i n g  t h a t  s t e r n ,  h m d e r a n c e  i n f l u e n c e d  t h e  r a t e  o f  
s o r p t i o n  A l s o  an a v e r a g e  l o c a l  t e m p e r a t u r e  i n c r e a s e =o f  1°C upon 
s o r p t i o n  m  t h e  s a mp l e  was n o t e d ,  and t h e  e f f e c t  o f  t h e  h e a t  o f  s o r p t i o n  
on t h e  r a t e  was s u g g e s t e d ,  ( l e . t h e  u p t a k e  o c c u r s  u n d e r  n o n - i s o t h e r m a l  
c o n d i t i o n s ) .  F i n a l l y  t h e  a u t h o r s  were  e x a m i n i n g  t h e  e f f e c t  o f  p a r t i c l e  
s i z e  m  t h e  r a t e  o f  s o r p t i o n ,  b u t  t h i s  work was i n c o m p l e t e  and no 
f i r m  c o n c l u s i o n s  were  r e a c h e d .  More r e c e n t  s t u d i e s  h a v e  t r i e d  t o  
d e t e r m i n e  t h e  r a t e  l i m i t i n g  s t e p  o f  d i f f u s i o n  m  m o n L m o r i l l o n i t e s  and 
m  a r e v i e w  by Br e e n  e t  a l 7 \  i t  i s  s u g g e s t e d  t h a t  a t  l ower  p a r t i a l  
p r e s s u r e s  o f  w a t e r ,  t h e  r a t e  l i m i t i n g  s t e p  i s  t h e  r a t e  o f  d i f f u s i o n  o f  
t h e  v a p o u r  i n  t h e  l o we r  s p a c i n g  i n t e r c a l a t e ,  ( l e  i n  t h e  s y s t e m  s t u d i e d  
two b a s a l  s p a c m g s  w e r e  f ound  t o  e x i s t  23 3,  and 14 . 4A r e s p e c t i v e l y ) .
I t  i s  c l e a r  t h a t  a number  o f  f a c t o r s  i n f l u e n c e  d i f f u s i o n .
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in cat ion-exchanged inontmorillonil.es>, however due Lo the lack of 
sLudies on montmorillonite it will be necessary Lo consider some 
studies on zeoliLes. Similar facLors (le molecular size, polarity and heat 
of adsorpLion) effecL diffusion m  zeoliLes, and a considerable number of 
'jtudiei) have been carried out A deLailed exainmaLion of Ihis work should 
provide a good basis for inLeipreLing Lhe results for Lhe diffusion m  
mouLniorllloniLe sLudied m  Lins Lhesis.
MonLmorllIon 1 Le cJays liave a lamellar sheeL sLrucLure, that
may be expanded by inLercalaLion of organic molecules. ZeoliLes on
Lhe oLlier hand have a series of channels and poies, LhaL provide a
robusL neLwork, which alLows no loosening 01 opening of Lhe framework
upon sorption lhe Lwo nujoi Lypes of zeolite considered here, are
zeoliLe A and zeoLiLc \ lhe difference beLween Llie fLamework of
Lliese zeoliLes is LhaL zeoLiLe A has an eighL membeied oxygen ring
window, wiLh a free diameLer of abouL 4 2A m  Lhe unobsLrucled Ca^+
2 +or Mg form (5A zeoliLe), and Lhe channels do noL c o n L a m  caLions.
’lhe 4A zeoliLe has a smaller tree diameLer as Lhe channels are 
obsLrucLed by Na caLions lhe Y zeoliLe has a window consLrucLed of 
a Lwelve membered oxygen ring, making iLs free diameLeL larger, so 
iL can mteLcalaLe larger molecules lL is worLh noLiug LhaL Lhe two 
very different sLi.ucLui.es oL zeoliLe and monLmoL llloniLe minerals, 
mean LhaL direcL compailsuns of Lhe sorpLion raLes for Lhe Lwo 
sysLems are noL possible llie diffusing molecuLe musL diffuse Lhrough the 
zeolite window Lo enLer Lhe pore, and Lins will remain a consLant 
obsLacle LhioughouL the soLpLion process. Ln monLmoillloniLes however 
Lhe miLial diffusing molecules musL prise open Lhe silicate sheets 
to reach Lhe mLcrlayer ihis process becomcs progressively easier 
as more molecules diffuse m  and prop Lhe layers apparL, until the 
clay is saturaLc-d. Hence direcL comparisons of Lhe diffusion coefficients
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for Lhe two systems are not possible, but the diffusion processes may 
be similar.
As with montmorlllonites it is possible to have different
74cation exchanged forms of a zeolite. Barrer and Brook have examined
Lhe influence of Lhe exchange caLion on the Late of sorption of nitrogen,
oxygen, hydrogen, krypton, and argon onto caLion-exchanged zeolites.
It was found LhaL the cation influence on Lhe sorption rate followed
Lhe general Lrend Ca < K < Ba < Na < Li for all sorbaLes, and this
suggests Lhe radius of Lhe caLion influences the rate of sorption,
and Lhe m L e r l a y e r  cation is known to influence the equilibrium sorption in
,21montmorllIonite also
It is worLh considering the effect of sLeric hinderance,
as Lhis can influence Lhe rate of diffusion lhe strucLural differences
beLween zeoliLes and monLmorilloniLe musL be borne in mind when
discussing Lhe influence of sLeric hinderance on the sorption rate.
Such studies generally consider Lhe size, shape and polarity of the
75sorbate. Moore and Katzer while studing Lhe counterdiffusion of 
hydrocarbons m  Y zeolite, observed LhaL Lhe movement of the sorbate 
molecule through Lhe pore aapperture may be Lhe raLe limiting step 
in Lhe diffusion process lhis observaLion was confirmed when Barrer 
and C l a r k e ^  s L u d m g  the diffusion of n - p a r a f f m s  m  zeolite A, noted
LhaL Lhe diffusion coefficienL decreased as Lhe carbon chain lengLh
—  17 2-1increased, (le, Lhe D values decreased 0 26 > 0,19 > 0.11(10 m s  )
as Lhe carbon chain lengLh increased n - C . H . _  < n - C^H. .  < n - C „ t L „4 10 6 14 9 20
respecLively). So Lhe larger Lhe sorbaLe molecule Lhe more slowly it 
passes through Lhe zeolite window. Moore and K a t z e r ' s ^  paper also 
considered Lhe effecL of Lhe polariLy of Lhe sorbaLe molecule. While 
considering Lhe aromaLic diffusaLe-zeoliLe m L e r a c L i o n s , they found 
the effecLive diffusion coefficient for toluene to be four orders of
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magnitude larger than that for phenol, although the critical molecular
diameter for Lhe aromatics is the same, (0 64nm). It appears that the
polar hydroxyl group of the phenol is m  some way interacting with
Lhe zeolite and so retarding iLs progLess Lhrough Lhe pore channel,
Lhus reducing iLs dillusion coeflicienL, and a similar effect might
be expected m  montmorilloniLes
The effecL of Lhe particle or crystal size on the rate of
5 1 52diffusion in zeolites has also been examined Yucel and Ruthven ’
considered this effecL using Lhe sorpLion of CF^ and n - C ^ H ^  m
52 51zeoliLe 5A and niLiogen, meLhane, and eLhane m  zeoliLe 4A these
studies found no significant difference m  the diffusion coefficients
for Lhe differenL crystal sizes when Lhe Lhermal effects were taken
into accounL Bulow eL a l ^  also looked aL Lhe uptake of n-hexane on
différent crysLal sizes of MgA zeoliLe Here it was noted that for
crystals m  Lhe size range 33-43um Lhe upLake raLe seemed Lo be
limiLed by mLracrysLai 1 m e  diffusion. However some dependence of the
apparent diffusion coefficient on zeolite crysLal size was observed.
In a more recenL paper by Bulow eL a l ^  Lhe effect of crysLal size
is examined m  more detail Using NaX zeolite of différent crystal
sizes, two factors were noted, (l) the sorption kinetics m  larger
crysLals (120|im) is mosLly controlled by m t r a c r y s L a l l m e  diffusion,
and ( n )  Lhe upLake on Lhe smaller crystals (~18pm) i s  limited by
mtercrysLai 1 m e  LransporL. This sLudy also confirmed the Yucel and 
51 52Ruthven ’ observation LliaL lieaL Lransfer effects need Lo be 
considered when calculaLing Lhe diffusion coefficient, D.
The effecL upon Lhe diffusion coefficient due to Lhe heat
7 8of adsorption was observed by Palmei and Bauer in sorpLion onto 
montmorilloniLes. A number of papers have considered this effecL and 
its influence in zeolite sorption. F u s t l y  i L is worth considering
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how an  i n c r e a s e  m  LemperaLure  w i l l  i n f l u e n c e  Che r a t e  o f  s o r p t i o n .  
B a r r e r  and C l a r k e ^  showed LhaL i n c r e a s i n g  t h e  L e m p e r a t u r e  o f  s o r p t i o n  
c a u s e s  a n  i n c r e a s e  m  t h e  m e a s u r e d  d i f f u s i o n  c o e f f i c i e n t ,  and a 
d e c r e a s e  i n  e q u l i b r i u m  l o a d i n g  (Q«,) o f  t h e  z e o l i t e ,  ( T a b l e  4 . 1 . ) .
T a b l e  4 . 1 . The d i f f u s i o n  c o e f f i c i e n t s  and e q u l i b r i u m  l o a d i n g s  f o r  t he  
u p t a k e  o f  some n - p a r a f f i n s  i n  z e o l i t e  A a t  v a r i o u s  
t e m p e r a t  u r  e s
D i f f u s i v a t i v e  T e m p e r a t u i c  E q u l i b r i u m  L o a d i n g  D i f f u s i o n  C o e f f i c i e n t
(K) Q ^ m g g  *) D ( I 0 * ^ m2 s *)
n-C H 348 8 7 . 2  0 . 7 4
363 8 0 . 2  1.64
373 7 3 . 5  2 . 6 0
n-C H 373 136.0 0 . 3 2
393 134.2 1.11
408 132 6 2 . 4 0
So any a l t e r a t i o n  m  t h e  l o c a l  LemperaLure  o f  t h e  z e o l i t e  c o u l d  
i n f l u e n c e  t h e  o b s e r v e d  s o r p t i o n  r a t e  C o n s e q u e n t l y  h e a t  t r a n s f e r  
p r o c e s s e s  mus t  be p r o p e r l y  a c c o u n t e d  f o r  m  t h e  d i f f u s i o n  c o e f f i c i e n t  
d e t e r m i n a t i o n .
A t t e m p t s  t o  m e a s u r e  t h e  h e a t  g e n e r a t e d  d u r i n g  s o r p t i o n  i n
45 79z e o l i t e s  have  b e e n  made by Egan e t  a l  and l l a v s k y  e t  a l  . Egan and
c o - w o r k e r s  m e a s u r e d  a maximum L e m p e r a t u r e  r i s e  o f  15°C f o r  t h e
s o r p t i o n  o f  n i L r o g e n  m  4A z e o l i L e ,  and 50°C f o r  t h e  s o r p t i o n  o f
p r o p a n e  i n  5A z e o l i t e ,  and b o t h  e x p e r i me n L s  were  c o n d u c t e d  i s o t h e r m a l l y
a t  - 7 8 ° C .  The e f f e c t  o f  t h i s  heaL o f  a d s o r p L  i on  on Lhe r a t e  u p t a k e
c u r v e  was t h e n  c o n s i d e r e d ,  ( F i g  4 . m . ) .  When Lhe t e m p e r a t u r e  maximum
o c c u r s  e a r l y  m  Lhe u p t a k e  p r o c e s s  no p r o n o u n c e d  e f f e c t  on the rate
c u r v e  i s  o b s e r v e d  ( c u r v e s  A and B, F i g  4 , m . ) ,  a l t h o u g h  i t  wou l d  be
e r r o n e o u s  t o  a s sume  LhaL Lhe daLa  was o b t a i n e d  u n d e r  i s o t h e r m a l
c o n d i t i o n s .  However  when Lhe LemperaLure  maximum o c c u r s  l a t e r  i n  t h e
uptake process (curve C, Fig 4.iii.) the uptake curve is altered
(curve D, Fig 4.iii.), so the effect of the heat of adsorption will
influence the observed value of the diffusion coefficient. The authors
note however that the distribution of particle sizes within the sample
could cause a similar effect, ie. the smaller crystals saturate first
and no longer contribute to the rate, so the observed rate is reduced
79as the sample approaches equlibrium loading. The Ilavsky study 
confirmed much of this work using a different technique. Using 
thermocouple wires of 0.1mm diameter, the temperature on the surface 
and in the centre of a zeolite pellet could be measured, and for the 
sorption of n-heptane on a zeolite, a temperature gradient of more 
than 20°C above isothermal was observed.
Fig 4.iii. Diagram illustrating the effect of the heat of 
adsorption on the isothermal rate uptake curve.
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I n  r e c e n t  y e a r s  t h e  u s e  o f  n u c l e a r  m a g n e t i c  r e s o n a n c e
t e c h n i q u e s  t o  m e a s u r e  d i f f u s i o n  c o e f f i c i e n t s ,  h a v e  b e e n  a p p l i e d  t o
t h e  s t u d y  o f  t h e r m a l  e f f e c t s  m  z e o l i t e  c r y s t a l s .  Some p o i n t s  w o r t h
n o t i n g  a b o u t  n u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d i e s  a r e  t h a t  t h e y  have
53t h e  a d v a n t a g e  o f  n o t  b e i n g  i n f l u e n c e d  by t h e r m a l  e f f e c t s  . A l s o  
t h e  m i n e r a l  s a m p l e s  u s e d  f o r  n u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d i e s  a r e  
p r e v i o u s l y  e q u l i b r a t e d  w i t h  s o r b e n t ,  and so  t h e y  a r e  a s t u d y  o f  t h e  
s o r p t i o n  d y n a mi c s  a t  e q u i l i b r i u m  S o r p t i o n  r a t e  s t u d i e s  u s e  n o n -  
e q u l i b r a t e d  s a m p l e s  , and so a r e  dynami c  s t u d i e s  o f  a n o n - e q u l i b n u m  
sysLem.  A f u r L h e r  p o i n t  i s  t h a t  t h e  n a t u r e  o f  t h e  n u c l e a r  m a g n e t i c  
r e s o n a n c e  s t u d i e s ,  means  LhaL t h e  s a mp l e  and g r a i n  s i z e  u s u a l l y  h a v e  
on i n f l u e n c e  , t h i s  h oweve r  i s  a p r o b l e m  i n  s o r p t i o n  r a t e  s t u d i e s ,
s o  t h e  r e s u l L s  f rom t h e  two t e c h n i q u e s  may n o t  be d i r e c t l y  c o m p a r a b l e .
80However  Bulow e t  a l  f ound  t h a t  by c o m p a r i n g  n u c l e a r  m a g n e t i c  
r e s o n a n c e  and s o Lp t i o n  r a t e  r e s u l t s ,  t h e  r a t e  u p t a k e  c u r v e s  d e v i a t e d  
f rom an i s o t h e r m a l  u p t a k e  c u r v e ,  b e i n g  f a s t e r  i n  t h e  i n i t i a l  r e g i o n
and s l o w e r  i n  t h e  f i n a l  a p p r o a c h  t o  e q u i l i b L l u m  m  a c c o r d  w i t h
45 55o b s e r v a t i o n s  p r e v i o u s l y  made by Egan e t  a l  and Lee and Ru t h v e n
T h i s  i s  a t t r i b u t e d  t o  t h e r m a l  e f f e c t s  p r i m a r i l y  due Lo h e a t  t r a n s f e r
f r om t h e  e x t e r n a l  s u r l a c e  o f  t h e  s a m p l e .  In  c o n c l u s i o n  d i f f u s i o n  i n
4 6z e o l i t e s  may be s u mma r i s e d  by t h e  f i n d i n g s  o f  D o e l l e  and R i e k e r t  
P r o c e s s e s  o t h e r  t h a n  d i f f u s i o n  i n  c r y s t a l s ,  b u t  c o u p l e d  w i t h  s o r p t i o n ,  
name l y  f l o w  m  t h e  m L e r c r y s t a l l i n e  v o i d s  and h e a t  t r a n s f e r ,  c a n  h a v e  
c o n s i d e r a b l e  i n f l u e n c e  on t h e  r a t e  o f  mass  t r a n s f e r  b e t w e e n  t h e  gas  
p h a s e  and a z e o l i t i c  s o r b e n t .
B e f o r e  d i s c u s s i n g  t h e  t y p e  o f  d i f f u s i o n  t h a t  m i g h t  o c c u r  
m  a c l a y  s y s t e m  i t  i s  w o r t h  m e n t i o n i n g  c o u n t e r d i f f u s i o n  b r i e f l y  
T h i s  may be c o n s i d e r e d  a s  a s e c o n d  m o l e c u l e  d i f f u s i n g  w i t h i n  t h e  c l a y  
m  t h e  o p p o s i t e  d i r e c t i o n  Lo t h e  f u s t ,  i e  t h e  r e a c t a n t  d i f f u s i n g  t o
and Ihe producL diffusing away from the active site. Moore and Katzer 
showed that diffusion of products ouL of zeoliLe catalysts may 
interact with the reactant molecule and contribute to a reduction m  
the rate of diffusion. Such influences on the sorption rate must be 
borne in mind when interpreting the data.
B e f o r e  t h e  e x p e r i m e n t a l  r e s u l t s  c a n  be e v a l u a t e d  p r o p e r l y  
i t  i s  i m p o r t a n t  t o  h a v e  an  u n d e r s t a n d i n g  o f  t h e  d i f f u s i o n  p r o c e s s e s  
i n v o l v e d  m  a d s o r p t i o n  on c l a y s .  When s o r p t i o n  r a t e  s t u d i e s  on z e o l i t e s  
a r e  c a r r i e d  o u t  t h e  t h e o r e t i c a l  model  c a n  be b a s e d  on Lhe f a c t  t h a t  
e a c h  z e o l i t e  p e l l e t  i s  a s i n g l e  c r y s t a l  and may be a p p r o x i m a t e d  t o  a 
s p h e r e ,  c o n s e q u e n t l y  a d i f f u s i o n  model  may be  d e s i g n e d  on t h i s  b a s i s .  
However  w i t h  c l a y s  s u c h  a s  m o n t m o r l l l o n i t e  a v e r y  d i f f e r e n t  s i t u a t i o n  
e x i s t s  ( F i g  4 . i v . ) ,  e a c h  g r a i n  o f  c l a y  i s  c o m p r i s e d  o f  many d i f f e r e n t  
p a r t i c l e s  o f  a n o n - u n i f o r m  s h a p e  and s i z e ,  and v a r i n g  d i a m e t e r s .  The 
g r a i n  i t s e l f  i s  a n o n - u n i f o r m  s h a p e ,  b u t  by s i e v i n g  t h e  c l a y  a u n i f o r m  
s i z e  r a n g e  may be o b t a i n e d  ( s e e  c h a p t e r  3 . )  The d i f f u s i o n  model  f o r  
a c l a y  mus t  be b a s e d  on an i d e a l i s e d  r e p r e s e n t a t i o n  o f  t h e  a c t u a l  
p a c k e d  bed o f  c l a y  g r a i n s .  So t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  
c l a y  s a mp l e  mus t  be b o r n e  m  mind c o n s i d e r i n g  d i f f u s i o n  m  s u c h  a 
s y s t e m  ( F i g  4 . i v . ) .
D i f f u s i o n  m  macropores**^3 , i s  known t o  i n f l u e n c e  t h e  
o v e r a l l  k i n e t i c s  o f  h e t r o g e n o u s  c a t a l y t i c  r e a c t i o n s ,  and i s  g e n e r a l l y  
c o n t r o l l e d  by a c o m b i n a t i o n  o f  f o u r  d i f f e r e n t  d i f f u s i o n  p r o c e s s e s .
Two o f  t h e  f o u r  m e c h a n i s i m s  w i l l  o n l y  c o n t r i b u t e  s l i g h t l y  m  t h e  
c a s e  o f  t h e  s a m p l e s  u s e d  m  t h e  s t u d i e s  h e r e .  M o l e c u l a r  d i f f u s i o n  i s  
when t h e  r e s i s t e n c e  a r i s e  f rom c o l l i s i o n s  b e t we e n  t h e  d i f f u s i n g  
m o l e c u l e s ,  and  i s  d o m i n a n t  w h e n e v e r  t h e  mean f r e e  p a t h  o f  t h e  g a s ,
( t h e  a v e r a g e  d i s t a n c e  t r a v e l l e d  b e t we e n  m o l e c u l a r  c o l l i s i o n s ) ,  i s  
s m a l l  r e l a t i v e  t o  t h e  p o r e  d i a m e t e r ,  and w i t h  m o n t m o n l l o n i t e s  t h i s
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l u  t e r  c r y  s t  a l  1 m e  
M a c r o p o r e s
M i c r o p o r o u s  
c r y s t a l s I d e a l i s e d  R e p r e s e n t a t i o n  
( u n i f o r m  s p h e r i c a l  c r y s t a l l i t e s )
Cl ay  G r a m
Some o f  t h e  common s t r u c t u r a l  d e l e c t s  a r e  shown A -  E.  
Where A = Edge t o  f a c e  s t a c k i n g .
B = V o i d s .
C = O r d e r e d  Domains .
D = R e g i o n s  o f  d i s o r d e r e d  s t a c k i n g -
E = Re g i o n s  o f  g r o s s  f o l d i n g ,  ( a d a p t e d  f rom C e b u l a  e t  a l ^ ) .
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is unlikely to be a significant factor. Poiseuille flow is only a 
contributing factor, when the differences in total pressure across 
a parLicle directly contributes to the adsorption flux from forced 
laminar flow through the macropores This effect is generally 
negligible in a packed bed since the pressuie drop over an individual 
particle is very small, and packed bed systems were used m  these 
studies.
this study are, firstly, Knudsen diffusion, this occurs in low pressure 
sysLems where the mean free path is greater than the pore diameter.
So collisions of the molecules with the pore walls occur more frequently 
than collisions between diffusing molecules. The characteristic feature 
of knudsen diffusion is iLs randomness When a molecule strikes the 
pore wall it is not bounced off like a tennis ball, rather it is 
mstaneously adsorbed and re-emitted m  a direction random to its 
origional direction before collision. Knudsen diffusion may be 
estimated from the equation,
One of Lhe features of knudsen diffusion is that each species diffuses 
independently so it is independent of composition or LoLal gas 
concentration. There is a slight temperature dependence and an inverse 
dependence on Lhe square roo't of Lhe molecular weight. The second 
influencing facLor is Surface diffusion, as lL 15 a direct contribution 
to the flux from LransporL Lhrough the physically sorbed layer on the 
surface, and may be applicable m  the case of monLmorillonite clays.
This effect is temperature dependent, as a temperature above the boiling
The Lwo diffusion controlling factors of more interest for
u = the pore radius (cm)
T = temperaLure (K)
M = Lhe molecular weight of Lhe diffusing species
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point of the sorbed species, would cause the thickness of the adsorbed 
layer to decrease, so flux through the surface layer becomes small 
compared with flux through the gas phase. It is also usually concentration 
dependent as Lhis can influence the adsorbed layer thickness, and as 
a good general rule, surface diffusion is only significant in small 
diameter pores m  which flux through the gas phase can be attributed 
entirely to knudsen diffusion.
In conclusion, it is clear that many factors influence 
diffusion m  zeolites and other clay minerals, and these factors will 
also be important when considering diffusion m  t n v a l e n t  cation- 
exchanged montmorlllonite. So when considering the following studies 
it is important to bear in mind the effects of size, shape, polarity, 
and partial pressure of Lhe diffusivative, and its interactions with 
Lhe clay sheets or the interlayer cations, as these may influence the 
rate of diffusion Other factors such as the heat of adsorption and 
Lhe magnitude of such a thermal effect will also influence Lhe rate 
uptake curve. The clay sample iLself is also important, as the nature 
and type of m t e r l a y e r  cation, and the grain and sample size being 
used m  the packed bed of Lhe sample pan are important So bearing 
all of these influencing factors in mind a study of Lhe diffusion and 
interactions of alcohols and cyclic ethers on t n v a l e n t  cation- 
exchanged montmorlllotnLe will be considered m  the following 
chapters.
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Vapour Phase Sorption Kinetics for Alcohols and Cyclic Ethers on 
Cation Exchanged Montmorillonite 
5 . 1 Introduc tion
The study of sorption dynamics, or the diffusion of organic 
compounds towards,and product molecules away from the active sites 
of a cation exchanged clay, can play an important role in the rate 
of reaction, and may even be the rate limiting stage. In this 
investigation the direct measurment of sorption kinetics was used, 
as this determines the lates in practical applications. In section 
4 5 it was shown that the sorption dynamics are influenced by several 
factors, and the effect of these factors on the rate of uptake will be 
examined. By using various forms of cation exchanged montmorillonite 
such as Al^+ , Fe~*+ , and Cr^+ , the effect of size and charge of the 
cations will be examined. The cation can influence the selectivity 
of the clay for a specific reaction'', and the cation can interact 
with organic molecules in the mterlayer^, thus effecting reactions 
occunng in the clay interlayer The physical size of the hydrated cation 
will determine the basal spacing of the clay and this can influence the 
rate of diffusion of organic compounds to the active sites, as 
larger basal spacmgs can help to reduce s tenc hmderance in the 
diffusion piocess. Also the choice of cation can influence the number 
and yield of side products for a specific reaction''
The cationic form of the clay will to a certain extent 
influence the geometry and dimensions of the channel network, as will 
thermal pre-treatment of the clays. The size shape and flexibility 
of the diffusing molecule can be examined using two different solvent 
types The alcohols used increased m  physical size as methanoK 
propan-2-ol< 2-meLhyl-propan-2-ol, whereas the cyclic ethers used
CHAPTER 5
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1,4-dioxan, tetrahydrofuian (1HF), ancl tetrahydropyran (THP), are 
all of similar physical dimensions and have no bulky substitutents, 
so that all three might be expected to interact with the exchange cation 
m  a similar manner.
The effect of sample and particle size was investigated by 
using clays divided into known grain size ranges and using different
sample sizes of these groups for the studies . Based on studies
45 46by Egan et al , and Doelle and Riekert , the effect of a temperature
rise caused by exothermic heat of adsorption, on the sorption kinetics
was also measured. Hence the study may be divided into five sections,
(although many of these influencing factors are interrelated).
(1 ) An investigation of the influence of sample size.
( n )  An investigation of the influence of g r a m  size.
(in) An investigation of the influence of the cation exchange form
of the clay.
( i v ) An investigation of the effect of the molecular size and shape 
of the diffusative.
(v) Ihe effect of temperature on the rate of adsorption.
The choice' of the compounds for the investigation was too 
some extent based on studies by Adams et al^, where the influence 
of sLeric hmderance on the rate of reaction of methanol, propanol, 
and i-propanol with t-butanol was considered, and this suggested the 
choice of alcohols for this study. In another study by Adams et al^ 
the influence of the oxygenated solvents THF, THP, and 1,4-dioxan on 
the reaction to produce MTBE was considered, and the authors found
1,4-dioxan to give the highest yield of product Hence it was decided  
to investigate the diffusion of these cyclic ethers and three of 
the alcohols listed above upon various cation exchanged montmorlllonites, 
(Al3+, Fe^+, and Cr^+).
Experimental limitations dictated that the rate of sorption 
may only be studied at the room temperature partial pressures ofI
the diffusing compounds. The vapour pressure considerations allow the 
direct comparison of the sorption rates for, 1,4-dioxan, i-propanol, 
and t-butanol as one group, and methanol, THF, and THP as the other 
group. This allows additional information on the effect of molecular
size and shape on the relative rate of diffusion of these compounds
(
into clays Lo be obtained.
5.2. Optimization of the Experimental Conditions.
Before undertaking sorption kinetic investigations it is 
important to ensure that the experimental conditions are optimised prior
i
Lo making any measurments.
5.2.i. Optimising Vapour Flow RatesI
The flow of solvent vapour ovei the sample essentially generates
a saturated atmosphere about the sample. Fig 5.1. shows that by
increasing the flow rate of the vapour the rate of sorption increased
to a point where increasing the vapour flow any further does not
effect the rate of sorption significantly. If however a flow of
3 - 1100cm nun 1 had been used the derived rate of sorption, would have 
been limited by the concentration of the vapour in the furnace 
atmosphere'about the sample. Therefore an unsaturated atmosphereI
will give an artifically low diffusion coefficient. The trend shown 
in Fig 5.1. is for the uptake of i-propanol upon Cr^+-montmorillonite, 
and is indicative of the trend for the other clay-vapour systems
t
studied. |
5.2.ii. Optimising the G r a m  and Sample Sizes.
F ig  5 . i i .  i l l u s t r a t e s  the i n f l u e n c e  o f  g r a i n  s i z e  on the
r a t e  o f  a d s o r p t i o n  l l i e  sy s t e m  i l l u s t r a t e d  i s  the  s o r p t i o n  o f
0  =, lOOcm^min ' 0 ~  I50cm^min '
O  = 200cm^min ' ¿ \ = 250cm^min '
0 10 20 
Time/min
Fig  5 . i .  O p t i m i z a t i o n  o f  the  f l o w  r a t e  for  the uptake  o f
l - p r o p a n o l  upon Cr^+- m o n t m o r i l l o m t e  aL I8°C.
i-propanol upon Cr -montmorillonite at I8°C. The clay was divided 
into different grain size groups (see section 3.4.), and the rate of 
sorption for each group plotted, (Fig 5 u . ). As can be seen the rate 
of sorption increased with increasing g r a m  size until a grain size 
of <45um was reached, as this was the smallest sieve available at the 
time, and this grain size group was chosen as optimium. Using the 
<45um grain size the optimium sample size was investigated, using 
different sample weights. Fig 5 . m .  shows that the rate of sorption 
increased with decreasing sample size, to a weight of 2.5mg as this 
was the mmim i u m  weight with which the thermobalance could be operated. 
It should be noted that the adsorption of i-propanol upon Cr^+-mont- 
m o n l l o m t e  used m  these investigations is representative of the 
other clay-vapour systems.
Finally Fig 5.iv. illustrates the effect of a mixed grain 
size sample on the sorption rate. 'Ihis shows that for a mixture of 
large and small grains the early part of the curve is uneffected, 
but the effecL is much more pronounced at longer times, with the time 
required to reach equilibriumloading significantly longer than that 
required by a sample containing the smaller g r a m  sizes only.
5 2 . 1 H  Determining the Optimium Thermal Pre-treatment of the Clay.
The hydration state of the clay effecls its acidic or
catalytic nature, and was discussed in section 4 3. A fully dehydrated
clay will have a lower amount of bronsted acidity than a partially 
34dehydrated clay . Ensuring the water content or hydration state of the 
clay is reproducible from sample to sample is important. This may be 
done by pr e - h e a L m g  the clay to a set Lemperature before each 
experimental run, ensuring a consistent water content each time.
The e f f e c t  o f  thermal  p r e - t r e a t m e n t  a t  a s e r i e s  o f  t e m p e r a t u r e s ,
on the a d s o r p t i o n  o f  i - p r o p a n o l  upon Cr^+- m o n t m o n l l o n i t e  s y s te m ,
= 5mg, >250um V = 5mg, 125-250um □ =  5mg, 63-125um
= 5mg, 45-63um X - 5mg, <45um 0  = 2mg <45um
8 
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F ig  5 . i i .  O p t i m i z a t i o n  o f  tlie g r a i n  s i z e  groups u s i n g  the  uptake o f
i - p r o p a n o l  upon C r 3 + - m o n t m o n l l o n i t e  a t  18°C.
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Fio 5.iii- Optimization of the sample weight using the uptake of
3+i - p r o p a n o l  upon Cr -montmori l  I o n i t e  a t  18 C.
A  = >250uin O  = 50% <45um + 50% >250um O  = <45um
1.0
8
4»
x:
0.5
0 10 
Time/min
20
Fig 5.iv. Mixed grain size study using the uptake of i-propanol 
upon Cr^+-montniorillonite at 18°C
(fig 5.v.). Ihe rale of sorption decreases as the temperature is 
increased beyond 120°C, consequently a thermal pre-treatment 
temperature of 120°C was chosen, and again the i-propanol-Cr3+-clay 
system is representative of the other vapour-clay systems studied.
Also this pre-treatment ensures that Lhe clays should have a 
representitative amount of water m  the hydration sphere of the 
interlayer cations, thus mimicing the hydration state of the clays 
used m  catalysis
5.3. Fitting the Experimental Data.
Fig 5.vi. shows a theoretical curve fitted to the experimental
data points. This is done by first plotting the experimental data
on a set of axes, and then different values of the diffusion
coefficient D are supplied to the two-dimensional model of the
uptake process. Using this information the computer plots a curve
for the rate of uptake independent of Lhe experimental data. The
curve is Lhen checked to see if it fits the experimental data
points. If the experimental and calculated curve do not fall on the
same line a better estimate of D is given to the computer, and a
second calculated curve is drawn. Ihis process is repeated until
the two lines coincide. It is important to note that there is an
initial time lag in the uptake data, this is due to experimental
limitations as Lhe furnace atmosphere about the sample does not
become saturated with the vapour instantly upon switching the nitrogen
through the"solvent reservoir. This is taken into account when
calculating the best fit curve, a second variable paramater B which
representa Lhe time lag is given to the computer, which then calculates
/if/D the value of which is used to obtain values for the Bessel
functions J and J., from standard tables and these values are o 1
D = 3 0 0 ° C  A  = 180° C
V =  2 5 0 ° C  e  = , 2 0 ° C
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F ig  5 . v .  Ih e  e f f e c t  o f  thermal  p r e t r e a t m e n t  on the uptake o f
l - p r o p a n o l  upon C r 3 + - m o n t m o r i l l o n i t e  a t  18°C.
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Fig 5.vi. Fitting of the calculated curve to the experimental data
for the uptake of l-propanol on Cr3+-montmonllonite at 18°C.
inpuled to the computer to sJightly alter the theoretical curve shape 
to fit the experimental daLa profile more closely, thus obtaining a 
more accurate value of D. Ihe values of D and corresponding ^ values are 
shown m  Fig 5.vi
5.3.1 Experimental Errors on the Data Points.
In ordei to have some idea as to when a best fit of the 
data has been obtained, an indication of the errois involved m  the 
experimental data poinLs is useful. Fig 5.vn. shows the errors on 
the various data points for the uptake curve of i-propanol on 
Cr^+-montmorillonite. Taking the error on the measured time to be 
10 m m .  ± 12sec. which is 1 2% error, for the weight measurment the 
error was taken to be lOmg t 0.2mg which is again 2% error, so the 
area surrounding the data points in Fig 5.vii. represents a 27„ error 
on both axes. This error measurment is useful when using the D values 
to obtain the activation energies for the clay-vapour systems.
5 . 3 . H .  The Effect of Paiticle Size Distribution on Curve Fitting.
As mentioned in section 5.2 Lhe particle size distribution 
within a given clay sample can effect Hie late of sorption, and 
Lhe shape of the uptake curve (Fig 5.iv ). The sample which consisted 
of 50% <45um grains and 50% >250um grains had an uptake curve that 
was uneffected m  the early portion but Lhe uptake became much slower 
than the <45um sample as time progressed, and the Lime required Lo 
reach equlibnum loading was much greater.
Fig 5.vii illustrates Lhe particle size distributions of the 
clays, and shows that each of the <45um fractions of the different 
clay types has a different meaian particle size. From this it might be 
expected that the clay types with Lhe Higer particle sizes might 
deviate slightly from the calculated curves, towards the latter part 
of Lhe uptake curve So Lhe uplake curves were the calculated and
• = E x per im enta l  d a ta  p o in t  Hb = r e g i o n  o f  e r r o r
Time/min
tFig 5.vii. The experimental error bars on the data points for the 
uptake of l-propanol on Cr^+-montmorillonite at 18°C.
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Fig 5.viii. Particle size distribution for the various cation-exchanged montmorlllonites.
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experimental values which deviate only towaLds the end of the uptake, may 
be due to this effect.
5.4 Sorption Kinetics Results.
5.4.i. The Cation Exchanged Clay Paramaters.
The oplimium grain size used was <45um for each of the clay 
types, and these grains contained a median particle size that increased 
in the order Na < Fe < Cr < Al (Table 5.1. and Fig 5 . v m . ) .  The 
amount of water lost by the clay when preheated to 120°C is listed in 
Table 5.n., and is expressed as a percentage of the total water lost 
by heating to 500°C, (this temperature is just below the dehydroxylation 
temperature for the clays). Table 5 . m .  lists the basal spacings for the 
clays after pretreatment at 120°C, cooling in a desiccator, and exposure 
to the vapour for 16 hours. This gives the equlibrium loading or 
saturation with vapour of the clay.
lable 5.i. The median particle size distribution of various
cat ion-exchanged montmorillonite clays.
Cation Vapour Median Particle Size (um)
11.7
7.2 
2.0
1.2
Table 5.ii. The water.loss on preheating aL I20°C for various
cation-exchanged montmorillonite clays.
Cation Vapour WaLer removed by 120°C (%)
note: a = expressed as a percentage of the total water lost by heating 
to 500°C.
Table 5 . m .  The s a t u r a t e d  vapour b a s a l  s p a c i n g s  fo r  v a r i o u s  c a t i o n -
exchanged montmorlllonites over a range of vapours
Cation Vapour Basal Spacing
a i 3+ Water l2*5bMethanol ’4 • °u
i-Propanol >4.3*
t-Butanol l5-3b1,4-Dioxan 15*6b1HF 1A-5bTHP 15.0b
Cr3+ Water 12-5bMethanol 15-°bi-Propanol 13‘8bt-Butanol i7'4b1,4-Dioxan 15'8bTHF ,4‘3bTHF 15.0
Fe3+ Water 9 -6bMethanol 15-5bi~Propanol ,6*°bt-Butanol 17.7
Na+ Water 9.6a
note’ a = I20°C pretreated and cooled m  a desiccator prior to analysis, 
b = As for footnote ra', then exposed to solvent vapour for 16 hou
5.4.H. The RaLe of Sorption Data.
Sorption kinetics data is usually expressed as plots of,
versus Time.
q. - ^
Where Q^= the amount of vapour adsorbed at time t=t.
Qq= the amount of vapour adsorbed at time t=0
Q0tt= the amount of vapour adsorbed at time t= equilibrium.
t = time
In this system Q was taken as zero, hence this equation may be 
written as,
/M
versus Time.
Where M = the mass of vapour adsorbed at time t=t.
M = the mass of vapour adsorbed at time t= equilibrium.
Using methanol as the vapour the cation dependence of the rate
of sorption was found to increase as Fe^ + < Cr3+ < Al^+ (Fig 5.ix),
and this is representative of the sequence for the other vapours.
The solid lines m  the subsequent graphs are the theoretical curves generated
by the computer using the two-dimensional diffusion model, (described m  
section 3.10.) The value for the diffusion coefficient was obtained 
from the calculated curve, ( assuming a particle size of lum ), and 
is included along with the others derived here m  Table 5.iv. The rate 
of alcohol uptake observed is shown in Fig 5.x., and the rate of 
uptake decreased as methanol > l-propanol > t-butanol, and for the 
cyclic ethers the observed rate of uptake decreased as THF > THP »
1,4-dioxan, (Fig 5 xi). Hie effect of temperature on the uptake of 
methanol on Al3f-montmorillonite is illustrated m  Fig S.xii., and a 
temperature variation in the range 18° to 72°C, has little effect on the
observed diffusion coefficients. This observation was further investigated
3+using the uptake of l-propanol on Cr -montmonllomte, (Fig 5 . x m ) ,  
the diffusion coefficients for the uptake at various temperatures,
(18°, 43°, and 72°C) were measured. An Arrhenius plot of these diffusion 
coefficients was drawn, and from this the activation energy for the 
uptake of l-propatiol on Cr3+-montmorillonite was determined (~4 kJ mole '). 
The derived activation energy was extremely low, and is indicative of all 
of the alcohols Similarly for the cyclic ether vapours, the effect
of varying the temperature on the cyclic ether vapour, the effect 
The uptake of THF and 1,4-dioxan on Al3+-montmori1Ionite was studied,
(Fig 5.xiv.). (note, the solid lines on this figure are not the best 
fit of the data points as is usually the case, instead, they represent 
the best fit lines for the sorption of THF and 1,4-dioxan on Cr3+- 
montmonllonite). This shows that there is little cation dependence 
of the uptake of these vapours, when the results from each set of
A  - Fe3t O  - Cr3* □  - Al3*
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Fig 5.ix. The cation dependence of the uptake of methanol on the 
three cat ion-exchanged montmorillonites at 18°C.
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Fig  5 . x i .  l'lie uptake o f  the three  c y c l i c  e t h e r s  on Cr 3+-montmorill-  
oniLe at I8°C. ( l h e  l u l l  l i n e s  are t h e o r e t i c a l  curves  
gencrnlcd  by Llio two-(J i inensional model)
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Fig 5.xii. The temperature variation of the sorption rate using the 
uptake of methanol on Al3+-montmorillonite.
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g 5.xiv. The uptake of 'II1F and 1,4-dioxan on Al3+-montmonllontte 
as a function of temperature.
data are superimposable in this manner. Also from the tight bunching of 
the data points for the different temperatures, it may be assumed that 
like the alcohol vapours, the cyclic ether sorption rates are not 
significantly affected by temperature. Fig 5.xv. shows the uptake 
curves for all six compounds on Cr3+-montmorlllonite, and it can be 
seen that THF, 1HP, methanol and l-piopanol all have sorption rates 
of a similar magnitude, while t-butanol and I ,4-dioxan have similar 
sorption rates, but these are different to those for the first group 
of compounds. So the sorption rates for the vapours may be collected 
into these two distinct groups.
I
Table 5.iv. The diffusion coefficients and equilibrium loading values 
for various cation-exchanged montmorillonites using a
range of vapours.
Cation Vapour Equlibnum loading Diffusion Coefficient
(mMoles/gram) ( D x I0*4 m^s- *)
Methanol 6.0 2.0
i-Propanol 2.9 2.0.
L-Butanol 1.8 <
1 ,4-Dioxan 1.5 0.6
TUP 1.3 2.4
THF 3.5 3.5
Methanol 7.0 1.7
i-Propanol 3.3 1.7
t-Butanol 2.2 1. 1
1,4-Dioxan 1.6 0.5
THP 1.3 1.9
THF 3.5 2.8
Methanol 6.3 1.3
i-Propanol 1.9 1.3
t-Butanol 1.3 ---
note: a = uptake o f  L-butanol was slower than Lhe other vapours,  but 
j did not f i t  the two dimensional model w e l l .i
j Finally measurments of Lhe temperature rise associated with 
the adsorption of solvents are listed in table 5.v. The magnitude of 
the temperature rise is small in comparison with the temperature of
the sample m  each case, and thus is unlikely to have much effect on
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Table 5.v. The peak heat of adsorption data for the uptake of various 
vapours on Al3+-montmorlllonite at 18°C.
th e  r a t e  o f  s o r p t i o n .
3+
Clay
Al -montmorilIonite
Vapour
Methanol
i-Propanol
THF
1,4-Dioxan
Peak Heat of Sorption (°C)
1.0
2.0
3.0
0.25
5.5 Discussion of the ExpenmanLal Results.
5 5.1. The Clay Grains.
The use of cation-exchanged montmori1Ionite c l a y s  in 
catalysis has been discussed at length in this work, however when 
using these clays it is important to ensure that, for example an 
Fe3+-montmonllonite is a clay m  which the interlayer cations are 
actually Fe3+-cations so that a correct mlerpertion of the results 
can be made . It is possible that on heating the clay, the interlayer 
enironment of the clay may alter, with some of the cations leaching to 
the edges of the clay layers causing the clay to behave as a partially 
H+-montmorilIonite Hence the basal spacings shown m  Table 5 in. 
indicate that thermal pretreatment at 120°C causes the Fe3+-montmorlllonite 
to essentially collapse, whereas the Al3+-riontmor lllonite and Cr^+-
montmorlllonite are still parLially expanded, Cie some H^O remains
34in the interlayer as suggested by Carr ). However the results in
Table 5. m .  show that on equilibrium loading during the sorption kinetics
experiments the Fe3+-montmonllonite form is re-expanded to a basal
spacing similar to that of the Al3+, and Cr3+-montmorillonites.
47Breen et al have shown that the number of bronsted acid sites increases
following thermal pretreafm?nt at I20°C for all three forms of the clay.
2 1 3+Also Tennakoon et al postulated that upon heating Al -montmorlllonite
at a temperature as low as 50°C a dimenzation and subsequent release
102
of a proton occurred. Combined with this some mossbauer studies by 
49 3+Halsen on Fe -montmorillonite showed that on drying the iron 
percipitated as an oxyhydroxy form between the clay sheets, and 
or increased heating this iron diffused to the edge of the platelets 
causing the clay to collapse.
Based on this the Fe3+-ntontmonlIonite reported here may behave
-I- # #
as a H -montmorillonite with an oxy or oxyhydroxy coating, and the 
Al3+, and Cr3+'montmorillonite may be partially H+-exchanged.
5.5.11. The Effect of Sample and Grain Size on Sorption Kinetics.
In recent studies it has been shown that the rate of sorption 
at the surface of a porous solid is usually so high that the overall 
rate of sorption is controlled by the heat or mass transfer rather than 
by mtraparticle diffusion k m e t i c s ^ 3 ’^ .  So to confirm the dominance 
of intracrystalline diffusion both the sample and grain size must be 
varied.
It is now well established thaL the initial portion of the 
uptake curve is sensitive to any resistance to diffusion in the sample 
bed, or macropore resistance. As initially the diffusing molecules would 
not only be expected to penetrate the clay layers, but also would meet 
additional diffusional resistance associated with transport through the 
crystal bed^^, because it is not possible to have a single isolated 
particle. The longtime region of the curve is sensitive to the effects 
of fimte heat transfer resistance and crystal size distribution. As 
a buildup of localized heat m  the sample can effect the rate of 
diffusion. Although as shown in Fig 5.xn. and 5.xiv. the clay-vapour 
systems considered here show little variation with temperature and 
the peak heats of adsorption (Table 5.v.) are low relative to the 
temperature of sorption. Another possible cause of any deviation m  the 
latter part of the experimental data points from the calculated curve
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may be due to the particle size distribution as a grain comprised of
larger particles will have a decreased rate uptake at longer times,
45(Fig 5.iv.). Egan et al showed that the rate limiting heat 
transfer process in a batch sorption experiment is controlled by the 
dissipation of exothermic heat of adsorption from the external surface 
of the adsorbent sample, rather than, by conduction of heat through 
the sample.
Based on this Fig 5.iii. shows that the rate of sorption 
increases with decreasing sample size and this indicates that resistance 
to diffusion in the bed is occurring. Also Fig 5.n. shows that the rate 
of sorption increases with decreasing grain size which constituted the 
sample bed, suggesting that there is resistance to mass transfer between 
the various size particles, (ie Fig 5.vn.), which formed the grain.
Note this trend was observed despite the fact that grains of >63um 
packed easily into the sample pan, whereas grains <63um were of a more 
powdery nature and increased the physical size of a given sample weight.
'lhis observation removes any concern about the interlayer cation form 
(discussed in section 5.5.I.), Since these cations seem to contribute little 
to the rate limiting process.
However if Fig 5.ix. is considered the observed cation dependence 
of the alcohol sorption rate is difficult to identify, although 
the rate parellels the observed sequence of the median size of particles 
which contribute to the grains (Table 5.1.). This implies that the 
measured rate probably reflects the tortuosity of the channel network 
within the grains. Consequently this combination of factors indicate 
that inter-particle and not intra-particle diffusion is the rate controlling 
influence.
5.5.i n  The Sorption Rates of the Alcohols and Cyclic Ethers.
4   ^ 1
The sorption rate of the alcohols shown on Fig 5.x., generally
decreases as methanol ^ i-propanol > t-butanol and could be due to stenc 
effects, if the rate determining process was interlamellar transport.
But as bed diffusion appears to be the rate controlling stage, the
diffusion was the major contributor to mass transfer resistance. Knudsen 
diffusion occurs where resistance to the flow arises from collisions 
between diffusing molecules, and is independent of concentration with 
only a slight dependence on temperature, but it is inversely dependent 
on the square root of the molecular weight.
M = molecular weight of the diffusing species.
When the cyclic ethers are studied the sorption rate decreased as 
THF > THP >> 1,4-dioxan, (Fig 5.xi.). However the sequence does not
diffusion. This trend may reflect a concentration dependence of the
sorption rate insofar as 1HF and THP yield higher vapour pressures
than 1,4-dioxan Also it may simply be that Lhe 1,4-dioxan sorption
process is retarded due to bidentate coordination of the ether to 
3+the A1 -ions at the clay edges. A similar binding for methyl acrylate
which inhibited its reaction with cyclopentadiene is discussed by
28Adams et al . Also the difference between the alcohols and cyclic ethers 
is reflected in the cationic dependence of the alcohol group, which 
increased as Fe^+ < Cr3+ < Al3+, (Fig 5.ix.), whereas no cationic 
dependence of the cyclic ether sorption rate was observed, (Fig 5.xiv.).
The values for the effective integral diffusion coefficients
/■w”
D for the alcohols and cyclic ethers were of the same order of magnitude, 
(Table 5.iv.). This combined wiLh the temperature independence of the 
sorption rate (Fig 5.xn. and 5.xiv.), and small temperature increase
sequence conforms to Lhe required 1 !J mass' dependence required if Knudsen
(  2(cm s )
Where u = the pore raduis (cm) 
T = temperature (K)
conform to the 1//mass' dependence required for the limiting Knudsen
tassociated with the sorption process indicates that bed diffusion is 
also the rate controlling influence in the sorption of cyclic ethers.
If the diffusion rates for cation-exchanged montmorillonites
are compared to those for zeolites m  the literature, the zeolites would
be expected to have slower diffusion rates than montmotillonites, due
to the restrictive nature of the zeolite channel network (section 4.5.).
This was found to be the case as diffusion in /’eolites of molecules of
a similar size and shape to those used in this study, gave diffusion
51-54rates considerlbly slower than those for the montmorillonites.
5.5.iv. Other Factors Influencing the Sorption Process.
The temperature variation of the sorption rates for l-propanol 
on Cr3+-montmorillonite (FIG 5 . x m . ) ,  is just disernable, and the 
Arrhenius plot to calculate the associated activation energy is 
also shown. The activation energy was found to be '~4kJmole and for 
such a small potential barrier, the sorption process should have been 
almost mstancous However for all the clay-organic systems studied 
several minutes were required for the clays to reach equilibrium loadings. 
The reason for this may well be explained by the inter-crystalline 
macropore diffusion resistance (section 5.5.ii.). This delayed time to 
reach equilibrim loading could also be due to the finite time required 
to dissipate the exoLhermic enthalpy of intercalation of the vapour 
molecules.
This may be examined as follows, if the dissipating time is 
wholly or partly rate limiting, it would effect the uptake curve m  
two ways. Firstly the initial uptake rate would be mcreasd due to the 
temperature difference of the diffusivity, and secondly, the latter part 
of the sorption rate would be retarded due to the temperature dependence 
of the equilibrium position . Table 5 v. shows that experiments 
conducted to quantify the temperature rise associated with the sorption
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Fig 5.xvi A comparison of the effect of a temperature differance between
the liquid reservoir and the furnace on the uptake of THF 
on Al3+-montmonllonite at 18°C.
of  the vapours on var ious  cat ion-exchanged m o n tm o r i l lo n i t e s , however 
y i e l d  va lues  o f  up to 3°C ( t h i s  i s  the l a r g e s t  v a l u e ) .  These temperature 
increments are n e g l i g i b l e  compared with the va lues  o f  50°C for the
„sorption  o f  propane on s y n t n e t i c  5A z e o l i t e  at -78°C^^, and I5°C for  
butane on s y n t h e t i c  NaX z e o l i t e  at 2 5 ° C ^ ,  and, thus ,  confirm the o v e r a l l
isothermal  nature o f  the uptake proces s .  However when cons ider ing  
t h i s ,  i t  i s  p o s s ib l e  that  the magnitude o f  the temperature r i s e  may 
r e f l e c t  the facL that  the heat o f  sorpt ion  o f  the vapour molecule may 
in part be u t i l i z e d  to desorb a water molecule .  I f  t h i s  were Lne case the 
observed weight change may only be an incremental  change equal to
Mass -  Mass \ vap. water
The e f f e c t  o f  d i f f e r e n t  temperatures m  the l iq u id  r e serv o ir  
and the thermobalance furnace ( t h i s  i s  because the running water used 
to coo l  the furnace was o f ten  co lder  than the ambient temperature m  
the room). This i s  e s p e c i a l l y  important for the I8 °C sample runs.  When 
the furnace temperature i s  lower than the l iq u id  r e serv o ir  temperature  
the vapour may condense onto the sample and the sample pan causing an 
apperent high rate  o f  s o r p t io n ,  (or high rate  of  mass increase  as t h i s  
i s  what i s  a c t u a l l y  measured). However Fig 5 . x v i .  shows that there does 
not appear to be any s i g n i f i c a n t  d i f f e r e n c e  in the sorpt ion  ra tes  under 
these  c o n d i t i o n s ,  so the temperature d i f f e r e n c e  between the l iq u id  
r e s e r v o i r  and the furnace does not appear to have any e f f e c t .
The equ i l ibr ium loading o f  the c lay  i s  a measure o f  the t o t a l  
amount o f  the d i f f u s i n g  compound that  has been adsorbed by the c la y ,  
and Table 5 . i v .  shows that a general  trend for equ i l ibr ium  loading  
of  the a lc o h o ls  and c y c l i c  e th ers  on a l l  three cat ion-exchanged  
montmori l lon i tes  used.  The equil ibr ium loading decreased in the order  
methanol >> THF > i-propanol  > t -butano l   ^ 1 ,4-dioxan and THP.
The amount o f  vapour adsorbed depends to a large ex ten t  on the packing
109
o f  the molecules w ith in  Lhe in t e r l a y e r  space.  Hence the small  compact 
molecules such as methanol,  would be expected to pack t i g h t l y  in to  the 
in t e r la y e r  space ,  (methanol m  known to form a double - layer  complex 
with cat ion -exchanged montmoril lon: t e s ^ )  The p r o g r e s s iv e ly  larger  
molecules would be expected  to have a lower equil ibr ium loading due to 
s t e r i c  hinderance of  the packing,  and t h i s  i s  the trend observed in 
Lhe experimental  r e s u l t s ,  with the except ion  o f  THF. THF might be 
expected to have an equ i l ibr ium  loading s im i la r  to that for THP and
1,4-dioxan as i t  i s  s im i la r  m  p h ys ica l  s i z e ,  however i t  has an equ l ibnum  
loading s im i la r  to that  o f  l -propano l .  This may be explained by the 
fa c t  that  e thers  are known to form one and two layer  complexes with  
cat ion-exchanged m o n tm o r i l lo n i t e s , and 1 ,4-dioxan i s  reported to form 
only mono-layer complexes with m o n t m o r i l l o n i t e s ^ .  So THF may form a 
double layer  and THP may behave l i k e  1 ,4-dioxan forming a mono-layer  
and so exp la in in g  the observed trend. However i f  the basal  spacings  
are considered  ( l a b l e  5 . m . )  i t  i s  s im i la r  for a l l  three c y c l i c  
ether  vapours,  and t h i s  would not be the case i f  THF formed a double  
lay e r .  So the equ i l ibr ium loading d i f f e r e n c e  i s  probably due to some 
s t r u c tu r a l  d i f f e r e n c e  between the m olecu les .  The most obvious d i f f e r e n c e  
i s  that THP and 1 ,4-dioxan are six-membered r ing  compounds, whereas 
THP has a smaller  five-membered r ing ,  and i t  may be that the smaller  
ring s t ru c tu re  a l lows a more dense packing o f  Lhe THF molecules and 
hence a higher  equ i l ibr ium  loading v a lu e .A l s o  i t  i s  p o s s ib l e  that the  
THF molecules do noL o r i e n t a t e  themselves perpendicular  to the 
s i l i c a t e  s h e e t s ,  but instead  l i e  p a r a l l e l  to the s i l i c a t e  s h e e t s ,  thus 
a llowing  a more dense packing.  This combined with the smaller  s i z e  of  
THF may account fo i  the h igher equil ibroum loading on the c la y .
The effect of temperature on the equilibrium loading was as 
expected with the equilibrium loading decreases as the temperature
increased .  This i s  because in crea s in g  the temperature would impart 
greater  m o b i l i ty  to the adsorbed compounds owing to an increase  in 
thermal energy,  and the weakening of the intermolecular  Van der Waals 
a t t r a c t i o n s .  Also s in c e  the adsorpt ion  process i s  an exothermic process  
in crea s in g  the temperature would d is favour  an exothermic process and the 
equil ibr ium loading would be expected to decrease .  This was 
observed for a l l  s i x  compounds on the var ious  cat ion-exchanged  
montmorl l lon i tes  used.
F i n a l l y  the o v e r a l l  s i g n i f i c a n c e  o f  the d i f f u s i o n  r e s u l t s
w i l l  be considered Ihe rate  uptake curves for a l l  s i x  d i f f u s i v a t i v e s
on Cr3+-m o n t m o n l l o n i t e  at 18°C are shown m  Fig 5 .xv .  The observed
sequence m  t h i s  diagram r e f l e c t s  the general  trend for a l l  the montmoril-
l o n i t e s  and i s  THF  ^ THP > methanol >, i -propanol > t -bu tano l  > 1,4-dioxan
with respec t  to the sorpt ion  r a te .  I f  these  vapours are grouped by
comparable vapour p res su res ,  the fo l low in g  trends are revea led ,
THF THP ^ methanol in one group and i -propanol > t -bu tano l  > 1,4-dioxan
in the other  group. However when experimental  imprecision  i s  taken
in to  c on s idera t io n  the vapours f a l l  in to  two d i s t i n c t  groups each having
about the same sorpt ion  r a t e .  Group ( 1 ) THF, THP, methanol,  and i -propanol
have a f a s t e r  sorpt ion  rate  than group ( 1 1 ) t -butano l  and 1 ,4-d ioxan.
I f  s t e n c  f a c to r s  are cons idered ,  t -bu tano l  would be expected to have
a slower sorpt ion  raLe than the other molecules due to the bulky s ide
group su b st i tu L en ts  on t h i s  molecu le .  However 1 ,4-dioxan mighL be
expected  to have a sorpt ion  rate  s im i la r  to that for THP and THF, s ince
1,4-dioxan i s  known to in t e r a c t  with the c la y  surface  and the i n t e r la y e r  
6  3 Ic a t io n s  ’ , i t  i s  p o s s i b l e  thaL these  i n t e r a c t io n s  slow down the rate
o f  s o r p t io n ,  and i t  f a l l s  in to  the same group as t -butano l  and i s  not 
m  the group with THF and THP.
In t h i s  study a b e t te r  d i s t i n c t i o n  between the sorpt ion  ra tes
! )0
o f  the s i x  d i f f u s i v a t i v e s  would have been exp ec led ,  as methanol i s  a 
very d i f f e r e n t  molecule to '1HP in terms o f  i t s  s i z e  and shape, and so  
methanol would be expected to d i f f u s e  fa s t e r  than THP, however t h i s  was 
not found to be the c a s e .  This assumption i s  based on the fac t  that  the 
molecules are d i f f u s i n g  between the s i l i c a t e  sh ee t s  o f  the m ontm onl l -  
o n i t e ,  ( l e  m t r a p a r t i c l e  d i f f u s i o n ) .  Since the rate  c o n t r o l l i n g  
in f lu en ce  i s  bed d i f f u s i o n  ( see  s e c t i o n  5 . 5 . i i i . ) ,  t h i s  may not 
n e c e s s a r i l y  be the c a s e .  Hence only very bulky molecules such as 
t -butano l  or molecules that  in t e r a c t  with the c la y ,  1,4-dioxan  
might be expected to have a s i g n i f i c a n t l y  d i f f e r e n t  sorpt ion  
r a t e .  I t  i s  a l s o  worth noting  that  the c y c l i c  e ther  compounds show 
some evidence o f  a s l i g h t  concentra t ion  dependence,  ( l e  the sorpt ion  
rate  for the THP and 1’HF was f a s t e r  than for 1 ,4 -d ioxan,  and THF 
and THP have a higher p a r t i a l  pressure than 1 ,4 -d ioxan ) .  This 
may in f lu en ce  the observed trend in the sorpt ion  r a tes  to some 
e x t e n t ,  as a reduced concen tra t ion  o f  1 ,4-dioxan in the furnace  
atmosphere due to i t s  lower p a r t i a l  pressure would cause a reduced 
sorpt ion  rate  to be observed
One f i n a l  point worth not ing  i s ,  that  cat ion-exchanged  
c la y  i s  used as s o l i d  acid  c a t a l y s t s ,  and a l l  c la y  c a ta ly s e d  reac t ion s  
are c arr ied  out in the l iq u id  phase,  however d i f f u s i o n  c o e f f i c i e n t s  
derived from s t u d ie s  on sorpt ion  m  the vapour phase may not 
apply . However Bulow e t  a l 6  ^ have shown that there are only s l i g h t  
d i f f e r e n c e s  (<: 1 0 *) m  the d i f f u s i o n  c o e f f i c i e n t s  for n-decane in to  
z e o l i t e  A, from the l iq u id  and the vapour phase.  So the r e s u l t s  from 
these  s t u d ie s  ma> be a p p l i c a b le  to l iq u id  phase s t u d ie s  in c e r t a in  
c ir c u m s tan c es .
The Interaction of Alcohols and Cyclic Ethers with Trivalent
CHAPTER 6
Cation-Exchanged Montmorlllonite.
6.1. Introduction
In chapter 5 the diffusion of alcohols (methanol, l-propanol, 
and t-butanol), and cyclic ethers (Lelrahydropyran (THP), 1,4-dioxan, 
and letrahydrofuran (THF)), on various trivalent cation-exchanged 
montmorlllonite, was examined. In this chapter the interaction of 
these diffusivatives with the clay surface or in the interlayer space 
about the cations will be examined. Again for the purpose of discussing 
the results the compounds will be considered in two groups, the
alcohols and the cyclic ethers.
12Ballantme et al has shown that primary aliphatic alcohols
such as ethanol, propanol, and butanol when intercalated m  Al3+-
montmorillonite react preferentially via mtermolecular nucleophilic
displacement of water to give high yields (30-65%) of di-(alk-1—y1)
ethers, rather than undergo competitive intramolecular dehydration
to the appropiate alkenes. In contrast, the reactions of secondary
aliphatic alcohols (propan-2-ol, butan-2-ol, and pentan-2-ol) gave
high yields (~80%) of the corresponding alkene, except for propan-2-ol
which was converted to both the di-(alk-2-yl) ether (30%), and
alkene (40%). The formation of di-prop-2-yl ether has also been
reported by Adams et al^, but at a much lower yield (~3%). However
the Adams reaction was carried out at 60°C using a Fe3+-montmorlll-
12oniLe m  the presence of 1,4-dioxan, whereas Ballantme et al 
used no solvent, and a reaction temperature of 200°C with Al^+- 
montmorillonite. Adams et al^ suggested that the low temperature 
coefficient of the ether forming reaction indicated the possible 
involvement of diffusion control in the reaction. However the
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s t u d ie s  d e t a i l e d  in chapter 5 o f  th i s  t h e s i s  show that  the d i f f u s i o n  
c o e f f i c i e n t s  dad not e x h i b i t  a temperature dependence.  Since the 
a lc o h o l s  can react  w ith in  the temperature range o f  the sorpt ion  
k i n e t i c s  study ( I 8 ° - I 0 5 ° C ) ,  i t  was decided to i n v e s t i g a t e  the nature  
o f  the sorbed a lc o h o ls  m  the temperature range 18°-800°C.
This study was not r e s t r i c t e d  to a lc o h o ls  alone as Adams
6  3 1e t  a l  ’ have a l s o  e s ta b l i s h e d  that c y c l i c  e ther  type s o lv e n t s  g ive  
comparable y i e l d s  o f  m e t h y l - t - b u t y l - e t h e r  (MTBE) at temperatures  
30°C lower than i f  hydrocarbon s o lv e n t s  are used.  So the nature o f
the sorbed c y c l i c  e thers  in the temperature range I8°-800°C was
a l s o  i n v e s t i g a t e d .  Table 6 . 1 . in d ic a t e s  the e f f i c e n c y  o f  the proces s ,  
which depends on the s p e c i f i c  c y c l i c  e ther  employed, i s  optimised  
i f  I ,4-d ioxan  i s  used as the so lv en t  with A l 3 +-m o n t m o r l l lo n i t e . 
However Cr3+-  and Fe3+-m ontm orl l lon i te  a l s o  gave re sp e c ta b le  y i e l d s
with THF, and THP as the s o l v e n t s .
Table 6 . 1  Solvent  and c a t ion dependence o f  y i e l d  o f  m e th y l t e r t -  
larybuty l  eLher 
Cation Solvent (% y i e l d  o f  MTBE)
1,4-d ioxan  THP THF
Al3+ 6  1 4 0
Fe^+ 65 35 32
Cr 63 42 28
3 1Adams e t  a l  suggested  that 1 ,4-dioxan was the optimal so lven t  
because a l l  the molecules p a r t i c ip a t in g  in the re a c t io n  were m isc ib le  
in i t ,  thereby f a c i l i t a t i n g  the rapid d i s t r i b u t i o n  o f  a l l  the 
reac ta nt s  and products between the c la y  i n t e r la y e r  and the ex terna l  
s o l u t i o n .  I f  Table 5 . i v .  o f  chapter 5 i s  considered i t  can be seen  
that the rate  at which the three c y c l i c  e th ers  were adsorbed by the 
cat ion-exchanged m o n tm o n l lo n i le  forms under d i s c u s s io n  was o f  the
order THF > THP >> 1 >4-dioxan,with 1,4-dioxan being sorbed almost
six times slower than 1'IIP, and THE However the diffusion coefficients
for the cyclic ethers did not exhibit the increase with temperature
expected of a thermally activated process nor did they conform to
the 1 / j mass' dependence for limiting knudsen diffusion, as was found
for the alcohol diffusion coefficients.
Consequently this investigation to ascertain whether the
alcohols or cyclic ethers underwent any transformation in the
temperature region (I8°-I05°C) of the diffusion experiments and was
extended up to 800°C to conform with similar studies by Al-Oswais
et al^4 , on the nature of the intercalation of acetic acid on Al3+-
8 5montmorillonite, and Bal lantme et al on the interaction of nitrogen- 
containing bases such as cyclohexylamme.
6.2. TemperaLure Programmed Desorption and Infared Spectroscopy 
Results.
6.2 i . The Temperature Programmed Desorption Results.
Using the experimental methods and techniques detailed in 
chapter3, the following results were obtained. The basal spacing 
and percentage weight loss (18°-800°C) data for the alcohol saturated 
samples is listed in Table 6 .1 1 ., and confirms that the desorption 
profiles reported below arise from intercalated and not surface 
specles.
Fig 6 . I.(i.-iv.) shows the desorption profiles for methanol, 
n-propanol, l-propanol, and t-butanol from a range of cation- 
exchanged clays, (Na, Ca, Fe, Cr, and Al). The desorption of methanol 
from the Lnvalent cation exchanged and sodium-forms, (Fig 6 .l.i.) 
was characterized by two peaks at 20°C and I 10°C. In addition, the 
Al3+-form exhibited a weak broad desorption peak near 300°C, and the 
Ca2+-montmonllonite had a sharp peak at I40°C which partially masked
- ' > J'J 5
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Fig 6. I.(1 - 1 1 ). Desorption profiles for methanol, and n-propanol from
Na , Ca , Fe , Cr , and Al3 -exchanged montmorillonite.
200 400 600 eoo
Ti mperafure/‘C
6.1.(iii-iv). Desorption profiles for i-propanol and t-butanol from
Na , Ca2+, Fe3+, Cr3+, and Al3+-exchanged m o n t m o n l l o m t e .
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Lhat at 1 IO°C. The temperature the maxima m  the desorption
profiles of n-propanol from all the cation-exchanged forms (Fig 6.1.ii.)
were identical at 30° and 16(J°C Only the Al3+-form
exhibited a weak desorption peak near 290°C. The desorption profiles 
for l-propanol from Na+ and Ca2+-montmorlllonite showed two peaks 
near 20°C and I40°C, whilst the higher temperature desorption maximum 
m  the trivalent cation-exchanged forms occurred at the lower 
temperature of 100°C (Fig 6 .I.1 1 1 .). Furthermore all the trivalent 
cation-exchanged forms exhibited some deviation from baseline in 
the region 200-400°C and it was most noticeable for the A1J ^-exchanged 
form. The desorpLion profiles for t-butanol (Fig 6 .iv.) contained the 
lowest temperature desorption peaks in this study with three poorly 
resolved peaks occurring at or near 30, 50 and 70°C m  the M3+- 
exchange forms and 30, 90 and I I0°C in the Na+ and Ca2+- montmonllonite. 
Once again deviation from the background was observed in the region 
200-400°C of the Al3+~, Cr3+-, and Fe3+ -montmorillonite desorption 
profiles.
Table 6 .1 1 . Weight loss (%) by 800°C and basal spacings at 20°C for
the cation-exchanged montmorillonite-alcohol systems.
Cation Solvent Weight Loss (%) Basal Spaci
a i 3+ Methanol 36 14.0
n-Propanol 26 ------
i-Propanol 27 14.3
t-Butanol 23 15.3
Cr3+ Methanol 26 15.0
n-Propanol 24 ------
i-Propanol 24 13.8
t-Butanol 21 17.4
Fe3+ Methanol 25 15.5
n-Propanol 27 ------
i-Propanol 25 16.0
t-Butanol 24 17.7
Ca2+ Methanol 17 ------
n-Propanol 22 ------
i-Propanol 19 ------
t-Butanol 16 ------
and 1,4-dioxan, respectively, from a range of cation exchanged forms.
In complete contrast to the desorption profiles for the alcohols, there
was little uniJornnty in the position of the desorption maxima from
the different cation-exchanged forms. Consequently the temperatures
at which the major pre-dehydioxylation events occurred are presented in 
Table 6 .1 1 1 .
Table 6 .1 1 1 . The position of the peak maxima in Fig 6 .2.(1 . — i i i.), (°C).
1 18
F ig  6 . 2 . ( i . - i i i  ) show the d e s o r p t i o n  p r o f i l e s  for  THP, THF,
Cat ion 1,4--Dioxan Tetr ahydropyran Tetr ahydrofuran
a i 3+ 30, 150, 240 30, 130, 275 2 0 , 1 2 0, 220
Cr3+ 30, 150, 270 30, 1 1 0, 300 2 0 , 90, 180
Ca2 + 1 0, 45, ---- 30, 1 2 0, ---- 30, 145, ----
Na+ 30, 75, 1 15 30, 1 1 0, 160 30, 130, ----
Nonetheless some tentative trends were observed. Desorption from 
Ca2+-montn'orilIonite always occurred m  two distinct processes, the 
second of which was broad enough to encompass the two higher temperature 
maxima exhibited m  the desorption profile of THP and 1,4-dioxan 
from Na+-montmorillonite. Desorption from trivalent cation-exchanged 
forms always occurred m  three steps, the second of which generally 
occurred at higher temperatures in the Al3+-form, whereas the highest 
temperature desorption maxima were usually observed in the Cr3+-form.
When interpreting the infared spectra for both alcohols and 
the cyclic ethers it was noted that the trends were similar for all 
the cation-exchanged forms of the clay used. So the Cr3+-montmorlllonite 
spectra will be used to demonstrate the alcohol results as it is 
repi esentative of all the M 3+-niontmorillonites used.
6.2.ii. Infra-Red Spectroscopy Results.
Fig 6.3.(i-iv). shows the changes in the 1300-I800cm * region 
of the infra-red specttum caused by outgassing the alcohol saturated
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l .  Desorption p r o f i l e s  for THP from Na+ , Ca2+, Cr3+, and 
Al3+-exchanged m o n tm o r i l lon i te .
Desorpt ion p r o f i l e s  for THF from Na+, Ca2+, Cr3+, and
■ i3+Ai exchanged m o n tm o r i i lon i te .
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... . . . + 2+ Fig  6 . 2 . i i i .  Desorpt ion  p r o f i l e s  for 1,4-dioxan  from Na , Ca ,
3 + 3 +  .Cr , and A1 -exchanged m o n tm o r l l lo n i t e .
Cr^+-m ontm or i l lon i te  at p r o g r e s s iv e ly  higher  temperatures 20° ,  50° ,  100°
I50°C. xhe in fr a -r e d  spectrum o f  the Cr^+-m ontm orl l lon i te /n-propanol
i n t e r c a l a t e  (top  sp ec tra  Fig 6 . 3 . ( i - i v  ))  changed l i t t l e  as the
outgaas ing  temperature was increased .  The CH^  deformation band at
1475cm * was maintained up to 150°C, w h i l s t  the C-H band at 1397cm *
and the OH band at 1625cm ' became p r o g r e s s iv e ly  weaker up to t h i s
3+ . ,temperature.  In con tra s t  the in fr a -r e d  spectrum o f  Cr -m ontm or i l lon i te /  
i -propanol  system (middle spectrum Fig  6 . 3 . ( i . - i v . )  e x h ib i t e d  a marked 
change as the outgass ing  temperature was increased  from 50°-100°C,
(Fig  6 . 3 . 1 1 . and 6 . 3 . n i . ) .  The c h a r a c t e r i s t i c  doublet  at  1391 and 
1377cm ' i s  l o s t  and the bands at 1626 and 1457cm became the dominant 
fea ture  o f  the spectrum. At 150°C (Fig  6 . 3 . i v . ) ,  poorly reso lved  bands 
at 1435 and 1427cm * were observed,  together  with a weak doublet  at  
1375 and 1363cm ' .  Increas ing  the outgass ing  temperature to only  50°C 
caused con s iderab le  changes in the sp ec tra  o f  the Cr^+-m ontm ori l lon i te  
/ l - b u t a n o l  system (bottom s p e c t ia  Fig 6 . 3 . ( l . - i v . ) .  The 1376cm * band 
was cons iderab ly  reduced in i n t e n s i t y  and the bands at  1626, 1464, and 
1363cm * dominated the higher  temperature s p ec t ra .  F igs  6 . 4 . ( i . - u i . )  
i l l u s t r a t e  the changes that  occur in the C-H s t re c h in g  region  of the 
n-propanol,  i -p ro pa n o l ,  and t -butano l  sa turated  Cr^+-m ontm orl l lon i te  
as the outgass ing  temperature i s  increased .  The important feature  
to note i s  that  the change in the c h a r a c t e r i s t i c  absorpt ion  band p r o f i l e  
occurs at p r o g r e s s iv e ly  lower temperatures ,  150°C for n-propanol (Fig
6 . 4 . i . ) ,  I00°C for i-propanol  (F ig  6 . 4 . i i ) ,  and 50°C for  t -bu tano l  
(F ig  6 . 4 . n i . ) .  Thus r e in f o r c in g  the changes observed m  the 1300-1800cm 
region  o f  the r e s p e c t i v e  sp ec tra .
Fig 6 . 5 . ( i - i n )  shows the infared sp ec tra  obtained from 
3+a ir - d r i e d  A1 -m ontm or i l lon i te  exposed to THP, 1HF, and 1 ,4 -d ioxan ,
123
wavenumber/cm"^
Fig 6 . 3 . ( i - i v ) .  E f f e c t  o f  o utgass ing  temperature on the IR sp ec tra  o f  Cr^+-  
m o n tm o r i l lo n i t e /a l co h o l  i n t e r c a l a t e s  ( 1 ) 20°C, ( i i )  50°C, 
( l i i )  I00°C, and ( i v )  I50°C.
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Fig 6 .4 .(1 - 1 1 1 ). Effect of outgassmg temperature on the C-H stretch
region of the IR spectra of (i) n-propanol,
( n )  i-propanol, and (iii) t-butanol.
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Fig 6 . 5 .  ( l  i n ) .  E f f e c t  o f  outgass ing  temperature on the IR spectrum o f
, - 3+ , ,
A1 -montmorilloriite saturated with (i) THP, (ii) THF, 
and (iii) l,4-dioxan.
respectively, and were representitatjve of the desorption from the 
Cr^+-form except chat the desorption of IMF occurred at lower temperatures 
m  the latter. The bottom spectra Fig 6 - 5.i. , obtained after degassing 
at room temperature, shows that the major absorption bands attributed 
to THP occurred at ¡450, 1440, 1385, and 1303cm ', together with bands 
at 1275 and 1258cm 'which are not illustrated. As the temperature was 
increased through 50° to 100°C the bands near 1440 and 1365cm ' 
increased m  intensity and then replaced the bands at 1450 and 1385cm '. 
Furthermore a band near 1487cm ' appeared and grew in intensity but 
this disappeared upon heating to 150°C although the other bands were 
unaffected. The top spectrum Fig 6.5.l. shows the bands remaining at 
200°C were centered near 1595, 1463,1373, and 1309cm '. The bottom 
spectra in Fig 6 5. ii. , obtained after degassing at room temperature, 
shows the two absorption bands for THF at 1458 and 1365cm Heating 
at 50°C for one hour resulted m  the appearance of further bands at 
1522, 14 15, and 1403cm '. After one hour at 100°C the sharp, 
characlerictic band near 1365cm ' was much reduced in intensity whilst 
the bands at 1522 and 1404cm ' were unaffected The 1404cm ' band was 
still in evidence after degassing at 150°C. But subsequent to heating 
at 200°C (top spectrum Fig 6.5.ii.) the predominant band was at 1456cm '. 
Interestingly, m  contrast to the corresponding spectrum in Fig 6.5.1. 
the band at 1626cm nounally attributed to water m  these systems 
had survived.
The absorption spectrum of 1,4-dioxan adsorbed on Al^+- 
monlmonllonite subsequent to degassing at room temperature (bottom 
spectrum Fig 6.5.iii.) exhibited bands near 1449, 1373, and 1293cm ', 
together with a band at 1256cm ' which is not illustrated. The position 
of these bands were unchanged as the temperature was increased up to 
100°C. The 1373cm 'band was removed on heating at 150°C and replaced
by a broad, unresolved absorption near 1350cm ' and appears much the
same as the top spectrum in Fig 6.5. m .  obtained at 200°C.
6.3. Discussion of the Experimental Results.
6 .3 .1 . The clay alcohol interactions.
The maxima at 20°C in the desorption profile of methanol
from the various cation-exchanged forms Fig 6 . 1 .(i. — iv.) could be
removed by passing dry nitrogen gas through the system and can thus
be attributed to physisorbed alcohol, as can the peaks in the 2 0°-
30°C region for the desorption of n-propanol, i-propanol, and t-butanol,
from the cation-exchange forms, (Fig 6.1.(ii-iv) ). The
maximium at 1 10°C in the desorption profile of methanol from the
various cation-exchanged forms (Fig 6 . 1.i.) corresponds closely to
the values of 1I7°-140°C and I30°C reported for the desorption of
methanol adsorbed,(l) on the surface hydroxyls of silica-magnesia 
42 .mixed oxides and, ( u )  m  zeolite H-ZSM-5 reported by Ison and
57 57Gorte , respectively. However Ison and Gorte observed a second
desorption maximum near 180°C which they attributed to the desorption
of a single methanol molecule from each cation site in H-ZSM-5, but
there is no evidence of such an interaction in this study. Moreover,
the exchange cation present in the interlayer space has no influence
on the temperature of the desorption maxium at 110°C.
The higher temperature maximum at 160°C in the desorption
profile for n-propanol from the various cation-exchanged forms (Fig 6 .I.1 1 .)
similarly exhibits no cationic dependence. However, the corresponding
maximum for i-propanol (Fig 6 . l.iii.) occurs at I40°C in the Na+- and
Ca^+-forms but at 110°C in the trivalent cation-exchanged montmorillonite,
and the reason is not immediately obvious. The results m  Table 6 .1 1 .
indicate Lhat several processes can occur, which may be m  competition.
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Table  6 . i i  Product  d i s t r i b u t i o n  ( w e ig h t  %) fo r  r e a c t i o n s  o f  a l c o h o l s
with ^-moiitmoril Ionite.
Reactant Reactant Recovered Ethers Alkenes
Methanol - a , - b - b , (2)
n-Propanol 22 63 c 3
i-Propanol ¿9 30 d, (3) d 40
t-Butanol 3 - 97 e, (8) f
87 3+Note: Figures in parantheses taken from Adams et al , using Ig Fe
3
montmorlllonite, 50mmol. of reactant alcohol, and 3cm of
1,4-dioxan at 60°C.
12 3+Other values are from Ballantine et al , using 0.5g of Al
montmonllonite at 200°C for 4 hours.
87a = Not reported by Adams et al
12b = Not reported by Ballantme et al 
c = Yield of di-prop-1-ylether. 
d = Yield of di-prop-2-ylether.
e = 18% alkene, 50% alkene dimer, and 29% alkene tetramer. 
f = Alkene Dimer.
These reactions may be summarised as follows,
(i) ROH . ^ —  ROHads g
N.V.
's(ti) ROH ------------ alkene + H Oads ^  g 2 g
(in) 2ROH , —  R-O-R + H.Oads  ^  g 2 g
Where ads = an adsorbed molecule.
g = a vapour phase molecule.
The problem is further complicated m  steps (1 1 ) and (in) because the
products may not desorb at the same temperature that they are produced.
However, if situation (i ) pertains then the higher desorption temperature
of 160°C for n-propanol compared to 110°C for l-propanol could be
attributed to the higher volatility and greater steric hinderance of
l-propanol. Moreover, primary amines are known to desorb at higher
58temperatures than secondary amines , but this approach does not
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explain the higher desorption temperatures of i-propanol from Na - and
2 +  ..Ca -monlmorlllonile.
If equation (1 1 ) describes the desorption process then it is
necessary to ascertain whether one or both products are desorbed upon
4 2formation. Noller and Riller found that propene formed by the acid-
catalysed dehydration of i-propanol on silica-magnesia desorbed at
least 65°C below that formed from n-propanol and that the alkene was
desorbed upon formation.
Finally, if the reaction and desorption sequence follows
scheme (1 1 1 ) then once again volatility and steric considerations
suggest that di-prop-1-ylether would desorb at a higher temperature
than di-prop-2-ylether.
Unfortunately, no single reaction sequence explains why the
desorption of i-propanol from the M^+-exchange forms occurred at a
lower temperature than that from Na+- and Ca^+-montmorillonite, whilst
the desorption of n-propanol exhibits no cationic dependence. The
explanation lies m  the lower desorption temperature of the species
generated in the M^+-montmorlllonite/i-propanol system. The maximum
at I 10°C must be attributed to the desorption of propene from i-propanol
whereas, by analogy with methanol intercalates (Fig 6.1.1.), the peak
at I40°C is due to the desorption of unchanged i-propanol. In contrast
the desorption of n-propanol is governed by scheme (iii). In the M^+-
exchanged montmorillonite some or all of the n-propanol is converted
to the corresponding di-prop-1-ylether and both the alcohol and the
o 47ether desorb at 160 C. Bieen et al have reported that amines such as 
n-butylamine and the corresponding di-but-1-ylamine desorb at the same 
temperature, although due to their greater basicity this desorption 
occurs at 4I0°C m  M^+-inontmoi il Ionite.
It is known that tertiary carbonium ions can be formed from
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the protonation of species such as isobutene or the acid-catalysed
3 1dehydration of t-butanol a! temperatures as low as 60°C . Consequently
if alkenes formed from alcohols do desorb at lower temperatures than 
the alcohol from which they are derived then the peaks m  the desorption 
profile of t-butanol from the M^+-exchange forms should occur at lower 
temperatures than those from the Na+- and Ca^+-forms. This is clearly 
the case (Fig 6.1.iv.). Moreover, as Table 6.ii. indicates, dimeric 
and tetramenc alkenes can be produced from t-butanol which may account 
for the complex nature of the desorption profiles. Furthermore, given 
the ease of dehydration of t-butanol and the relative stability of the 
tertiary butyl ion it is possible that the peak at 1 10°C in the 
desorption profile of t-butanol from the Na+- and Ca^+-exchange forms 
may be due to the desorption of alkene.
Corroborative evidence for the chosen interpretation of the
temperature programmed desorption profiles can be inferred from Fig 6.3.
and 6.4. Unfortunately, the main C-0 streching region (1000 - 1300cm *)
is obscured by the alumino-silicate lattice absorption so definitive
interpretations concerning the presence of alcohol versus ether are
59not available However, Grady and Gorte observed similar changes to 
those reported here, m  the mfared spectrum of i-propanol adsorbed 
on H-ZSM-5 and attributed a marked change m  the 2800 - 3000cm ' region, 
to the complete loss of the C-H band at 1380cm * together with an 
increase m  the intensity of the band at 1630cm ' (due to the elimination 
of water) to the formation of propene. Their interpertion was confirmed 
by mass spectroscopic determination of desorbed propene. Furthermore, 
there can be no question that the temperature at which the infra-red 
change m  Figs 6.3. and 6.4. closely parallel the events m  the 
temperature programmed desorption profiles and that the effect of 
temperature on these spectra indicate that i-propanol and t-butanol
13!
undergo very similar changes to give peaks of similar intensities near
2950, 2925, 2848, 1626, !460, and I360cm_l.
12The results o£ Ballantine et al reported in Table 6 .1 1 . 
indicate that l-propanol should form the di-prop-2-ylether in addition
to the alkene. However, their study was conducted m  a sealed vessel
3 . 3+of 20cm capacity containing 0.5g of Al -montmorillonite and 5g of
l-propanol. The results reported here suggest that the alcohol once
converted to the alkene does not encounter an l-propanol molecule
with which to react. Consequently, an attempt was made to produce
the di-prop-2-ylether in the experimental apperatus used for this study
by subjecting the Al^+-montmorillonite/i-propanol sample to a flow
of l-propanol saturated nitrogen gas whilst it underwent the normal
temperature ramp used to obtain the desorption profile. The resulting
diffeiential thermogram is presented in Fig 6 .6 .lii. together with
the desorption profiles from i-propanol (Fig 6 .6 . i.) and n-propanol
(Fig 6 6 . 1 1  ) saturated Al^+-montmorillonite samples. In addition to
the propene desorption peak at 1I0°C, there is an alcohol/ether
desorption peak at I60°C and the maximum at 300°C is enhanced. Indicating
that di-prop-2-ylether appears to be forming in the interlayer.
6.3 li The clay-cyclic ether interactions.
Again all the maxima below 50°C in the desorption profiles 
m  Fig 6.2.(i-in.) were removed by a prolonged flow of dry nitrogen 
proving that they arose from physisorbed species. The nature of the 
bonding or the transformation mechanism giving rise to the higher 
temperature desorption peaks is not easy to elucidate.
The infared spectrum of THP-saturated Al^+-montmorlllonite 
Fig 6 . 5 . ( i - m ) .  shows that afLer degassing at 100°C noticeable changes 
have taken place, m  partictular the appearance of the 1487cm ' band. 
Subsequent degassing to 200°C results in the appearance of bands at
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Tempera tu re  I *C
F i g  6 . 6 . ( i - i i i ) . Comparison of the desorption profiles of (i) i-propanol 
and (li) n-propanol sorbed on Al^+-montmorilloni.te, 
(iii) Al^+-monLinor il lonite/i-propanol subjected to 
nitrogen/'i-propanol flow.
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| g g1595, 1463, and 1373cm Dalkd a t t r i b u t e d  bands near these
f r equ en c ie s  to the fonualion  o f  o l igom er ic  m o e i l i e s  der ived from the
Liansformation o f  b u t - | - e n e  on dehydroxylated Y z e o l i t e  at room
temperature.  The formation o f  a lkenes  from 1HP i s  not u n l ik e ly  in so fa r
as the a c i d - c a t a l y s e d  r ing  opening of ThP and T11F over HY z e o l i t e s  
89 90has been observed ’ , and a s im i l a r  mechanism has been suggested  to
9 1e x p la in  the formation o f  2-methy1 - I , 3 -d io xa lan e  from 1,4 -d ioxan  
The most l i k e l y  product f o l lo w i n g  a c i d - c a t a l y s e d  r ing opening i s  the 
d i o l ,  which could  then be dehydrated to y i e l d  a lk e n e s .  These alkenes  
cou ld  then o l i g o m e r i s e .
H2C ill2 + 11
H2C SM2
‘C w \  HH 11 > '2 1 HO 0,
\
HIP H0C 'CH| + H
\  / C"2 XCH
C or r e la t ion  o f  the i t i lared  and lempera luie  programmed d eso rpt io n  r e s u l t s  
for the d eso rp t io n  o f  TUP from the t i i v a l e n t  cat ion-exchanged  forms 
s u g g e s t s  that  the l o s s  of  TUP m  i t s  unmodified foim occurred at or 
before  200°C,thei  eby implying Lhal the maxima near 300°C m  the TPD 
p r o f i l e s  (F ig  6 . 2 . i . )  must be a t t r i b u t e d  to the d eso rp t io n  o f  the  
o l ig o m e r ic  s p e c i e s  or a component t h e r e o f .
In the case  o f  IMF (F ig  6 . 2 . n . )  the changes m  the infared
spectrum were not so d r a s t i c ,  although Lhe in ter im  formation o f  bands
- 1 92near 1520 and 1403cm requ ire  c o n s i d e r a t io n .  Haber e t  a l  in an
e x t e n s i v e  study o f  lhe transform ation  o f  a l c o h o l s  on HY and H-Z-79
z e o l i t e s  a t t r i b u t e d  the band neai  1520cm ' to the formation o f  aromatic
d ysurface structures. Howevei Grady and Gorte preferred, in the absence
of aromatic compounds m  the mass spectrum of the desorbed products,
to assign it to a C-C double bond If the latter interpretation pertains
here then it would reirforce the proposed formation of alkenes
following acid-catalysed ring opening However, the infra-red evidence
suggested that the transformation of THF to oligomeric species was not
as extensive in the case of THP, since the OH absorption band at 1626cm *
was still present at 200°C suggesting the presence of water or alcohol
molecules. Nonetheless the possibility does exist that this absorption
was of a C-C double bond although there was no evidence of the 1590cm *
88band which is indicative of the formation of oligomeric species
The desorption thermogram of THF from Cr^+-montmorillonite 
(Fig 6.2.111.) exhibited three desorption maxima at 20, 90, and I80°C, 
the latter two of which occurred at temperatures some 30° or 40°C 
below those m  the desorption profile of THF from the Al^+-form.
This temperature difference agrees well with the infra-red observations 
and the tenacity of the band at 1626cm is similar Lo that m  the 
desorption of alcohols discussed above, and may imply that the high 
temperature maximum was due to the desorption of an alcohol molecule.
The desorptioti of 1,4-dioxan from Al^+-montmorillonite was 
quite uneventful by comparison. Neithei shifts in the peak positions 
nor the appearance of new bands m  the infra-red spectra were recorded 
suggesting that most of the I ,4-dioxan was desorbed without modification. 
This observation agrees with the temperature programmed desorption 
profiles in Fig 6.2.ill. in that the major desorption of 1,4-dioxan 
occurred at I50°C for the Ca^+ , Cr^+ , and Al^+-exchanged forms. The 
pre-dehydroxylation peaks above 200°C in the desorption profiles for
I,4-dioxan from Al^+ and Cr^+-montmorillonite may be due to the 
desorption of oligomeric entities or strongly bound ether molecules
but there is little mfared evidence to support either suggestion.
It is interesting to once again find that 1,4-dioxan behaves
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in a different manner to the other two cyclic ethers. Adams et al
reported that 1,4-dioxan was the optimum solvent for the formation of
93methyl t-butyl ether. Breen and Deane m  their studies on the 
sorption of methanol from binary solution with 1,4-dioxan, THF and THP, 
found that although the amount of 1,4-dioxan adsorbed exceeded that of 
THP and THF the ratio of 1,4-dioxan:methanol was lower than that of 
THP¡methanol. The result of which is that the solvent 1,4-dioxan, 
allows more of the reactant, methanol, into the interlamellar space 
which contains the active, or acidic site. Finally it has been shown 
m  chapter 5 that the rate of uptake of 1,4-dioxan onto Al^+- and Cr^+- 
montmonllomte, was considerably slower than that of the alcohols, 
(methanol, l-ptopanol, and t-butanol), and that of the cyclic ethers, 
(THF and THP). Therefore, m  both a dynamic and an equilibrium sense
1,4-dioxan allows more of a reactant molecule, such as an alcohol, to 
approach the active sites. Furthermore, the evidence in this study 
suggests that it is relatively stable towards acid attack m  these 
sys terns.
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CHAPTER 7 
Conclusions
The sorption rate was found to increase with decreasing
sample and grain size, indicating that resistance to diffusion in the
bed and to mass transfer between the various size particles which form
the grain control the rate of uptake. The rate of uptake for the 
alcohols (methanol >  i-propanol > t-butanol) parallels the observed 
median size of particles which contribute to the grains. So implying 
that the measured rate reflects the tortuosity of the channel network 
within the grains.
Bed diffusion is the rate controlling stage for the alcohol 
sorption, and the sequence conforms to the 1/,/mass ' required for 
knudsen diffusion as the major contributor to the mass transfer 
resistance. For the cyclic ethers the sorption rate decreases as 
THF > THP >> 1,4-dioxan, and this does not conform to the 1 l j mass 1 
required for knudsen diffusion. This may be due to some concentration 
dependence as THF and THP have higher vapour pressures than 1,4-dioxan, 
or an alternative explanation may be that the 1,4-dioxan sorption 
rate is retarded due to bi-dentate coordination of the ether to Al^+- 
1 0ns at the clay edges. Moreover, the sorption rate for the cyclic 
ethers shows no cationic dependence, whereas, the alcohols have a 
cationic dependence which increases as Fe^+ < Cr^+ < Al^+ . The integral 
diffusion coefficients for both the alcohols and the cyclic ethers 
are of the same order of magnitude which may reflect the fact that bed 
diffusion and not intracrystalline diffusion is the rate influencing 
factor.
The relatively low activation energy for the sorption process 
indicates that the sorption should have been almost instaneous. However,
7 . 1 .  The S o r p t i o n  Rate S t u d i e s .
this was not the case. The time required to reach equilibrium loading 
probably reflects the fact that mtercrystalline macropore diffusion 
resistance and the finite time required to dissipate the exothermic 
enthalpy of interaction of the vapour molecules retard the overall 
sorption rate. However, the contribution from the latter may be minimal 
since it was shown that the overall sorption process is virtually 
isothermal as little heat of adsorption is generated (in the clay- 
organic systems studied here) relative to the sorption temperature 
The equilibrium loading found to decrease of the order
metanol >> THF > l-propanol > t-butanol > 1,4-dioxan and THP. This
*
sequence may be explained by the fact that small molecules such as
methanol have a more dense packing in the interlayer space (le double-
6 6layer complex is formed ), and so a higher equilibrium loading is 
obtained. This loading decreases as steric hinderance of the diffusing 
molecule increases. THF has a higher equilibrium loading than the other 
two cyclic ethers, and this may be attributed to its smaller size, 
which allows it to orientate or pack more densely into the interlayer 
space. The equilibrium loading decreases as the temperature increases 
because an increased temperature disfavours exothermic processes such 
as the adsorption processes occurring here.
The overall diffusion rates were of the order THF > THP > 
methanol ^ l-propanol > t-butanol > 1,4-dioxan. If the partial pressures 
of the vapours and the experimental imprecision are taken onto account, 
two groups each having about the same sorption rate (i) THP, THF, 
methanol, and l-propanol, and (ii) t-butanol, and 1,4-dioxan, become 
apparent. The fact that no clear distinction between the sorption 
rates_for the various compounds can be seen is probably due to the 
fact that the rate controlling influence is bed diffusion, so 
significant differences in the uptake rate due to steric hinderance
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7.2. Clay-Diffusivative Interaction Studies.
In the desorption profiles of the various compounds, low
temperature peaks below 40°C are attributed to physisorbed species.
n-Propanol was found to exhibit no cationic dependence in the desorption
profiles and the l-propanol was found to desorb from the M^+-exchange
forms at a lower temperature than the Na+- and Ca^+-montmorlllonite.
These observations may be explained in terms of three possible processes
occurring, (i) the alcohol is desorbed unchanged, (ii) the alcohol is
transformed to an alkene and desorbed, and (iii) the alcohol is
converted to a di-propyl ether and then desorbed. For the desorption
of n-propanol on M^+-montmorlllonite some or all of the n-propanol
is converted to the corresponding di-prop-1-yl ether and both ether
and alcohol desorb at the same temperature. For t-butanol/M^+-mont-
morillonite the peaks occur at lower temperatures than for the Na+-
and Ca^+-montmorillomte/t-butanol systems and based on the fact that
alkenes formed from alcohols are known to desorb at lower temperatures 
31than the alcohol , and that t-butanol can form tetramenc alkenes 
as well as dimers, this would account for the more complex nature of 
the t-butanol/M^+-montmonllonite desorption profiles. The low 
temperature desorption peak in the i-propanol/M^+-montmorillonite 
system is also most likely to be due to the desorption of the 
corresponding alkene. These findings are corroborated by the infra-red 
studies. Finally to reinforce the conclusions reached here an i-propanol 
saturated Al^+-montmorillonite underwent the normal temperature ramp 
used for the desorption profiles, while being exposed to a flow of 
i-propanol saturated nitrogen gas. This resulted in an additional peak 
in the desorption profile corresponding to an alcohol/ether desorption 
peak, indicating that di-propyl ethers may well be forming in the
are  l e s s  im p o rta n t .
*• t■rt -
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interlayer on adsorption of alcohols, confirming the above conclusions.
For the cyclic ethers the bonding or transformation mechanism 
was not easy to elucidate. THP may undergo acid-catalysed ring opening 
to yield alkenes which could undergo oligomerisation prior to desorption. 
The infra-red and temperature programmed desorption results for THP 
from M^+-montmorillonite suggests that THP desorbed in its unmodified 
form at or below 200°C, and is desorbed as an oligomeric species or 
a component thereof at 300°C. The THF infra-red results are not so 
drastic and acid-catalysed ring opening of the THF to an oligomeric 
species was not as extensive as for THP, although little evidence of 
the formation of oligomeric species from THF was found in the infra-red 
spectrum for THF/M^+-montmorillonite. The desorption of 1,4-dioxan is 
quite uneventful by comparison to the other two ethers. The infra-red 
spectrum suggests that most of the 1,4-dioxan was desorbed without 
modification, and this observation was confirmed by the temperature 
programmed desorption profiles as no evidence of the desorption of 
oligomeric entities or strongly bound ether molecules was found, 
except for a small maxima in the 200°-300°C region of the desorption 
profiles.
Once again the 1,4-dioxan is behaving differently to the
3 1other two cyclic ethers. Adams et al reported that 1,4-dioxan was the
93optimum solvent for the formation of MTBE, and Breen and Deane , in 
studies of the sorption of methanol from binary solution with 1,4-dioxan, 
THF and THP found that although the amount of 1,4-dioxan adsorbed 
exceeded that of THF and THP the ratio of 1,4-dioxan:methanol was 
lower than that of THP:methanol. The result of which is that the solvent
1,4-dioxan, allows more of the reactant methanol, into the interlamellar 
space which contains the active, acidic site. Finally it has been shown
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that for the sorption of THF, THP, and 1,4-dioxan onto Al^+-and Cr^+- 
montmorillonite, the rate of uptake of 1,4-dioxan was considerably 
slower than that of the alcohols, methanol, i-propanol, and t-butanol, 
and the cyclic ethers THP, and THF. Therefore, in both a dynamic 
and an equilibrium sense 1,4-dioxan allows more of the reactant molecule, 
such as an alcohol, to approach the active sites. Furthermore, the 
evidence in this study suggests that it is relatively stable towards 
acid attack in these systems.
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